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Abstract
Both field and laboratory studies of the 
alluvial/colluvial soils, derived from various lithologies, 
that comprise the 1954 Dixie Valley - Fairview Peak fault 
scarps and the 1915 Pleasant Valley fault scarps of west- 
central Nevada show that the engineering properties of these 
soils play a significant role in the development of scarp 
morphology. Laboratory shear tests demonstrate that the 
cohesive strengths (C) of these scarp soils increase in an 
approximately linear manner with increasing ratio of free 
face to total scarp height (Rg). Comparable linear 
relationships exist between the bulk densities ( y.) and theD
Rg ratios for the two study areas. In both cases, the
v
correlation coefficients between the soil engineering 
parameters and the Rg ratios are high. The peak friction 
angles ( cf> ) and the R ratios for the Dixie Valley-Fairview 
Peak study area also exhibit a linear trend and a high 
correlation coefficient, but, those of Pleasant Valley do 
not. This is probably due to the smaller sampling base of 
the latter. Such results help explain the often abrupt 
changes in the free face/total scarp height ratios observed 
along fault scarps at the boundaries between differing soil 
types.
Studies along the Lone Pine fault scarp (1872 - most 
recent offset) of central Owens Valley, California, reveal 
similar relationships between the soil engineering properties
11
Ill
and the ratios. Shear tests performed on the three 
different age bevels (due to three faulting episodes) show a 
consistent decrease in soil strength with increasing bevel 
age, which can be represented by graphical plots of cohesion 
vs. age and cohesion vs. bevel inclination. While this 
decrease in soil strength is a product of more than just the 
mechanical breakdown of cohesive soils (i.e., soil 
development, climate, etc.), one may employ such data with 
more qualitative methods in the assessment of fault scarp 
ages in regions of comparable aridity and rock/soil types.
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This study was undertaken with the goal of developing 
relationships between the engineering properties of fault 
scarp soils, fault scarp morphology, and fault scarp age.
A study of this kind requires not only good age control on 
several scarps, but, also a suitable range in the 
compositions (textural and lithological) and strengths of the 
scarp soils. These conditions are met by the three study 
areas of this report — the 1872 Lone Pine scarp, the 1915 
Pleasant Valley scarp, and the 1954 Dixie Valley-Fairview 
Peak scarps. The alluvial/colluvial soils which comprise 
these scarps are derived from a wide variety of rock types, 
and possess cohesive strengths ranging from negligible to 
very high. By studying this succession of progressively 
older fault scarps, one may determine the effects of such 
soil engineering properties as the cohesive strength (C), 
peak friction angle ( bulk density ( Y^)> and the
Atterberg Limits on scarp degradation. This study is not 
limited, however, to the 110 year period represented by these 
historic scarps. Such is due to the fact that the 1872 Lone 
Pine scarp is actually part of a larger composite scarp which 
exhibits beveling related to two faulting events prior to 
1872. It has been shown that these two previous 
displacements probably took place in early and middle
2
Holocene time. On the basis of soil engineering data from 
these scarp surfaces, one may look into the relationship 
between soil cohesive strength and scarp age, and possibly 
develop correlations between the two.
Recent studies by Wallace (1977), Bucknam and Anderson 
(1979), and Nash (1980) have shown that the principal 
(maximum) slope angle of fault scarps is an indicator of 
scarp age. These authors, however, did not fully evaluate 
the effects of different soil lithologies and soil strengths 
in their scarp dating approaches. The main purpose of this 
report is to evaluate these relatively untouched aspects of 
scarp morphology and dating.
Study Area Locations 
Dixie Valley—Fairview Peak Study Areas
The Dixie Valley-Fairview Peak study areas are located 
in west-central Nevada near the eastern border of Churchill 
County (Figure 1). Both areas lie along a rough north— south 
axis which is approximately 90 miles east of Reno, Nevada.
The Dixie Valley study area is located about 27 miles 
north of Highway 50 along a 6 mile segment of the 1954 Dixie 
Valley fault scarp. The study area is bounded on the west by 
the Stillwater Range, and on the east by Dixie Valley proper. 
North of Highway 50, the study areas are accessed by Dixie 
Valley Road and a series of dirt roads which branch from the
latter.
Nevada
0 10 20 30 40
[ i... i i "
Figure 1. Location map for the Dixie Valley, Fairview Peak and Pleasant Valley study areas.
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The Fairview Peak study area is located about 8 miles 
east of the town of Frenchman and 5 miles south of Highway 50 
along a 400 foot segment of the 1954 Fairview Peak scarp.
This segment is situated about 1 mile south-southeast of 
Fairview Peak. A relatively new well graded dirt road 
running south from Highway 50 provides easy access to the 
study area.
Pleasant Valley Study Area
The Pleasant Valley study area is located in west- 
central Nevada close to the eastern boundary of Pershing 
County (Figure 1) . A distance of 50 miles separates the 
study area from Winnemucca to the north and Lovelock to the 
west. The 11 mile segment of the 1915 Pleasant Valley scarp 
covered by the study area is contained in the two township 
area given the T28N, R39E, and T29N, R39E. A well graded 
dirt road which runs from Winnemucca south to Dixie Valley 
and Highway 50 brings one to within a short distance of the 
scarp.
Lone Pine Study Area
The Lone Pine study area is located in east-central 
California a short distance from the western border of Inyo 
County (Figure 2). The study area lies along the Lone Pine 
fault scarp which transects an inactive alluvial fan at the 
base of the Alabama Hills about 3/4 mile west of the town of 
Lone Pine, California. Interstate Highway 395 passes through 





Combined Nevada Study Areas
Both of the Nevada study regions are characterized by 
arid climates, but, the annual precipitation varies widely in 
response to local changes in relief. On the average, the 
basin areas at about 4,000 feet in elevation receive 5 to 8 
inches of rainfall each year. At elevations between 5,000 
and 1 0 , 0 0 0 feet, however, the precipitation increases to 
between 14 and 18 inches annually. In the higher parts of 
the ranges, most of this precipitation is in the form of 
snow. During an average year, between 10 and 20 
thunderstorms occur at any location. Freeze-thaw, which 
generally takes place from November to March, has been 
estimated to occur 120 to 130 times each year (Visher, in 
Wallace, 1977).
The temperature in this region ranges from well above 
100 F to below freezing. The highest temperatures in this 
spread generally occur in the valley floor areas, and the 
lowest, in the mountainous areas.
Lone Pine Study Area
The Lone Pine Study area falls within the larger Owens 
Valley area which is characterized by an arid to semi-arid 
climate. The valley floor of this region receives 4 to 5 
inches of precipitation annually, most of which falls between
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the months of December and February. Precipitation in the 
bordering ranges is considerably greater, particularly in the 
Sierra Nevada where the snowpack may be tens of feet thick. 
The precipitation in the higher parts of the Inyo Range, 
which rises above the eastern margin of Owens Valley, 
averages about 10 inches per year (Ross, 1965).
Seasonal fluctuations in temperature for the Owens 
Valley area are comparable to those for the Nevada study 
areas. During the summer months temperatures in excess of 
100 °F are not uncommon in the valley floor areas, while 
during the winter months, the temperatures frequently drop to 
the freezing point, and below. Cooler summer temperatures, 
however, prevail in the higher elevations of the ranges.
Fault Scarp Morphology
A thorough understanding of fault scarp morphology is 
necessary for any study dealing with fault scarp degradation, 
or age determination. It has been shown that the development 
and/or loss of certain morphologic features on a fault scarp 
is related to the age of that scarp. Wallace (1977) provides 
an excellent summary of the morphologic features of fault 
scarps. Except where noted, the following discussion is 
based on the Wallace article.
The basic features of a fully developed fault scarp are: 
the upper and lower original surfaces; the crest; the free 
face; the debris slope; the wash slope; and the toe, or base
8
(Figure 3). Although these terms are applicable to fault 
scarps developed in both alluvium/colluvium and bedrock, they 
hold greater significance for a1luvial/colluvial scarps, 
which, over their evolution exhibit most, if not all, of the 
recognized features.
The upper and lower original surfaces are simply the 
ground surfaces displaced during a faulting event. For the 
most part, these surfaces will be displaced alluvial/collu- 
vial fan surfaces due to the tendency of recently activated 
faults to form surface displacements on the basin sides of 
bedrock/alluvium contacts. Bedrock exposures do occur, 
either as discrete scarps, or as striated surfaces at the 
base of graben structures, but, they are relatively rare.
The crest and toe are, respectively, the upper and lower 
limits of a scarp. In a recently formed scarp, the crest and 
toe are sharp bends in the scarp profile. In older scarps, 
however, the two features become inferred inflection points 
at the top and bottom of the scarp profile due to the 
concavo-convexo form which the scarp assumes.
Located immediately below the crest is the free face 
portion of the scarp. This feature is a segment of the 
original scarp surface which has not been erased by erosion, 
or the accumulation of debris. In general, the free face 
will have a dip close to that of the original scarp surface - 
50° to vertical.
As material spalls off the free face, it accumulates at
9
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Figure 3. Block diagram showing the various morphologic
features of a typical fault scarp (redrawn from Wallace, 1977).
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the base of the scarp and forms the debris slope. The 
unconsolidated material comprising the debris slope lies at, 
or near, the angle of repose in accordance with the laws of 
static friction. This angle varies betweeen 27° and 35° 
depending on the angularity of individual soil grains and the 
grain size distribution of the soil mass (Peck, 1974).
The wash slope is a low angle alluvial deposit lying at 
the base of the debris slope. It consists of mainly fine 
grained alluvium washed from the upper reaches of the scarp 
and deposited at points of low gradient. These deposits may 
have slopes comparable to those of the original fan surface, 
between 3° and 7°, or as high as 10° to 15°.
When a scarp first forms, the scarp surface, or fault 
plane, dips away from the upthrown block at angles from 50° 
to vertical. The lower values in this range apply mainly to 
bedrock scarps where the fault plane is exposed. For the 
Basin and Range Province, 60° is the most commonly measured 
fault plane dip. The higher values in this range have been 
observed mainly along alluvial/colluial scarps. This 
condition results from the upward steepening projection of 
bedrock faulting into overlying weakly consolidated deposits 
(Tsuneishe, in Carver, 1970).
The incipient scarp surface is virtually all free face, 
and the scarp crest and base are well defined points along 
the scarp profile. Under the influences of gravity, rain 
wash, soil swelling, frost heave, solifluction, and other
11
slope decay processes, the free face is greatly modified. 
Solid chunks of soil, as well as cobbles and boulders, become 
dislodged from the free face and fall to the base of the 
scarp. Rain wash produces rounding and retreat of the crest 
resulting in the typical upper scarp convexity. At some 
point in time, which Wallace judges to be between 100 years 
for weakly cohesive material and 2 , 0 0 0 years for strongly 
cohesive material, the free face no longer exists. Once this 
has occurred, the debris slope becomes the dominant feature 
of the scarp. Although wash processes act on a scarp 
throughout its development, they are proportionately more 
significant to the transfer of sediment after the loss of the 
free face. As a consequence of this condition, the wash 
slope assumes greater significance. The debris slope, at an 
angle of 27° to 35°, is a relatively stable morphologic 
feature that may persist for thousands of years. If there is 
no renewed activity along the fault, the scarp continues to 
decline ultimately to the level of the fan surface. Such 
scarps in this late stage probably undergo parallel slope 
retreat as well.
Where there is renewed activity, a composite scarp 
forms. In the ideal case, a composite scarp is recognized in 
profile view by a series of roughly planar surfaces, or 
bevels, separated from one another by breaks in slope. Each 
scarp bevel will have a specific slope, or range in slopes, 
which will place it in angular discontinuity with adjacent
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scarp bevels. This relationship is best seen where an old 
fault trace has been activated in historic time. The slope 
of the scarp produced during the historic faulting event will 
be in marked contrast to the slopes of the older bevels. As 
the height of the historic segment will be known to relative 
certainty, recognition of the other scarp surfaces will be 
easier. The Lone Pine composite fault scarp is a good 
example of a composite scarp showing historic offset. A free 
face still remains on the historic break, and two upper 
bevels are relatively well defined.
The breaks in slope between successive bevels are often 
difficult to pinpoint, however. This is a result of the 
rounding of the breaks in slope such that successive bevels 
grade gently into one another. In such cases, estimates of 
the actual heights of the individual scarps within a 
composite scarp may be obtained from surface weathering 
phenomena, terracing in stream cuts, or trenching.
The complex faulting history of composite scarps is 
typically recorded in the sequence of alluvial deposits at 
the base of such scarps. A cross-section through the base of 
a composite scarp (hanging wall side) would show a sequence 
of wedge-shaped alluvial deposits, each associated with a 
faulting event. The progressive accumulation of such 
deposits results in a locally oversteepened alluvial apron at 
the base of the scarp which is in sharp contrast to the 
gently inclined, 3°-7° fan surface.
13
Although the Wallace fault scarp morphology diagram 
shown in Figure 3 is a useful illustrative tool, and in every 
sense correct, it oversimplifies the mode of initial ground 
rupture. While Wallace's diagram shows a single steeply 
inclined fault zone along which both the hanging wall and 
footwall are in contact, the more common situation involves a 
graben structure of some kind at the base of the scarp 
separating the two displaced blocks. Gilbert (in Slemmons, 
1977) noted the existence of a variety of these structures 
which he described as gravity-graben structures. On 
modifying Gilbert's work, Slemmons (1977) divided the fault 
scarps which possess these structures into the following five 
categories: simple fault scarp; fissure scarp; subsidence
scarp; step scarp; graben fault-trace scarp (Figure 4). Both 
the simple scarp and the fissure scarp are characterized by 
an open fissure between the hanging wall and footwall caused 
by tensile parting of alluvium on the hanging wall block.
The subsidence scarp is a step beyond the simple fault, 
wherein, the hanging alluvium shows downwarping, or settling, 
against the footwall. When this downwarped alluvium breaks 
away from the hanging wall block, a graben fault-trace scarp 
is formed. In the case of a step scarp, a tension crack 
develops in the footwall block resulting in the creation of a 
separate alluvial wedge which settles into the open fissure. 
The greater deformational complexity of the step scarp 
relative to the simple scarp adds greater difficulty to the
14
Figure
a. SIMPLE FAULT SCARP, 
FAULT TRACE
b. FISSURE SCARP, OR 
FAULT TRACE
c. TRENCH-TYPE, OR 
GRABEN FAULT-TRACE 
SCARP OR TRACE OR FAULT TRACE
OR FAULT TRACE
K The five basic types of 
normal-slip faults (fron fault scarps formed Slemmons, 1977). along
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task of determining the actual fault offset. Such problems 
are only resolved by detailed scarp studies.
Fault Scarp Dating
The state of the art in the area of fault scarp dating 
is revealed essentially in the research of Wallace (1977), 
Bucknam and Anderson (1978), and Nash (1980). Each of these 
studies applies geomorphological criteria to the dating of 
fault scarps. The result of this approach has been the 
development of semi-quantitative methods for estimating fault 
scarp age. These methods are simply additions to the 
existing group of relative dating techniques.
In his 1977 study, Wallace measured the principal 
(maximum) slope angles of Late Pleistocene and Holocene fault 
scarps in north-central Nevada. He combined this data with 
slope angle data from range front facets in the same region 
and constructed the plot of Figure 5. This plot shows the 
inferred curvilinear relationship between slope angle 
(ordinate) and age (abscissa) for scarps in fractured bedrock 
(upper curve) and fanglomerate (lower curve). Since only a 
few control points were used in generating each curve, the 
actual trend of the curves is largely speculative. Based on 
the upper curve, scarps in fractured bedrock initially 
vertical, remains so for about 100 years, following which, 
slope decline proceeds at a steady rate until a debris slope 
is well established at about 10,000 years. The debris slope
16
Figure 5. Slope angle vs. age relationship for fault scarps 
in fractured bedrock (upper curve) and weakly in­
durated fanglomerate (lower curve). Dashed line 
shows possible dual trend for the fanglomerate curve (redrawn from Wallace, 1977).
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in fractured bedrock is a relatively stable morphologic phase 
which persists for about 1 m.y. After about 10 m.y., the 
once vertical bedrock scarp is reduced to a wash slope at 
15 • Inclined to 60° initially (typical value), a scarp in
weakly indurated fanglomerate is rapidly eroded so that in 
100 years no free face exists, and the maximum slope angle is 
35°. Following a period of about 60,000 years, a fully 
developed wash slope exists inclined at 15°. At 10 m.y., the 
principal slope angle has been reduced to about 7 °.
Concentrating their efforts in western and southern 
Utah, Bucknam and Anderson (1979) also made measurements of 
the slope angles of Late Pleistocene and Holocene scarps.
The primary thrust of their research was, however, the 
dependency of scarp slope angle on scarp height for scarps of 
a given age. This relationship is shown in Figure 6 by the 
regression lines for three areas characterized by 
progressively older fault scarps (left to right). The Fish 
Springs scarps are inferred to be about 1,000 years old, 
followed by the Drum Mountains scarps, 10,000 years old, and 
the Panguitch scarps, 100,000 years old. Although this plot 
has no age dating significance in itself, such may be derived 
from it. As an illustration, the authors point out that for 
an arbitrarily selected scarp height of 3 meters, the 
equation 0 = -8.5 logT + 52.5 may be derived from the three 
regression lines, which relates the scarp slope angle ( 6 ) to 




6 . Regression lines for the slope angle vs. scarp 
height data from three scarp sites in western 
and southern Utah. Slope angles in parentheses 
w« \ use? ln generating the regression equation which relates the slope angle to the scarp height 
tor an arbitrarily selected scarp height of 3.0 meters (redrawn from Bucknam, 1979).
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Nash (1980) has approached the fault scarp dating
problem in a manner similar to that taken by Bucknam and
Anderson. Utilizing scarp slope angle vs. scarp height
curves, Nash has proposed a technique for dating fault scarps
formed in initially cohesionless soils. This technique is
based on the following relationship:
2
fcu = td ̂ ®u ̂ d  ̂ where: t^ = undated scarp age
t^ = dated scarp age
= undated scarp height 
= dated scarp height
When applied to a series of slope angle vs. height curves, 
the above relationship may be used to determine the single 
unknown term, tu , provided that the age of at least one of 
the scarps is known.
The main drawback of the Nash study is the assumption 
that the majority of arid climate, Basin and Range-type 
scarps are formed in initially cohesionless soils. The 
results of this thesis, however, show that the cohesionless 
condition is the rare exception, rather than the norm.
Despite this obvious breakdown, the Nash study, as well as 
those by Wallace, and Bucknam and Anderson, support the 
premise that geomorphological criteria may be used in fault 
scarp dating.
In determining the ages of the scarps in their 
respective study areas, the above authors have, however, used 
existing relative dating techniques. For the most part, they
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used cross-cutting relationships between scarps and dated 
geologic features (shorelines), and comparative surface 
weathering features. Other relative dating techniques which 
have been applied to fault scarps include: offset layers or
lenses of datable material (i.e., organic matter, ash layers, 
soil horizons, etc.); surface rock weathering phenomena 
(i.e., boulder weathering, desert varnish, lichen-moss 
coatings, etc); and soil developement.
Burke and Birkeland (1979) studied the weathering 
characteristics of mainly granitic boulders in their attempt 
to discriminate between glacial moraines of Tioga age (upper 
age limit of 9,800 + 800 years b.p.) and Tahoe age (lower age 
limit of 126,000 + 25,000 years b.p.). Their studies 
indicate that Tioga age boulders may be readily distinguished 
from Tahoe age boulders on the basis of such weathering 
features as surface pitting, rind development, heights of 
resistant mafic inclusions, and general grusification. These 
results are of obvious significance to the dating of fault 
scarps in Sierran glacial alluvium/colluvium. A perfect 
example of this is the Lone Pine fault scarp which has formed 
on a fan composed of Sierran glacial outwash of probably 
Tioga age. Based on this Tioga age assumption, Lubetkin 
(1980) assigned an upper age limit of approximately 10,000 
years b.p. to the Lone Pine fan. Moreover, Lubetkin inferred 
a lower age limit for the fan by means of a 2 1 , 0 0 0 years b.p. 
radiocarbon date on a lithoid tufa sample from an Owens Lake
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high shoreline deposit. As the high shoreline, which lies 
along the lower eastern flank of the Alabama Hills, is not 
exposed across the Lone Pine fan, and the fan colluvium shows 
no evidence of subaqueous deposition, the fan postdates the 
21,000 years b.p. shoreline. By overaging these two 
bracketing dates, Lubetkin proposed an age of 15,000+6,000 
years b.p. for the fan surface. A recurrence interval of 
5,000+2,000 years was then calculated for the Lone Pine fault 
by dividing the proposed fan age by three, which is the 
number of recognized displacements on the Lone Pine scarp.
The use of pedogenic soils in fault scarp dating has 
been aptly demonstrated by Pease (1979). By knowing the 
approximate amount of time required for the development of 
certain soil stratigraphies, Pease was able to estimate the 
age of Late Pleistocene and Holocene fault scarps in an area 
south of Carson City, Nevada. He points out that while most 
relative dating techniques provide either an upper or lower 
age limit for fault scarps, soil development may provide 
both. This is due to the probability that scarps older than 
a couple thousand years will exhibit soil development both 
within the pre-fault sediments, and on the scarp surface.
One of the main conclusions of his study is that the Wallace 
scarp dating method is only applicable to middle and late 




Height and Slope Angle Measurements of Fault Scarps and 
Related Features
A H  of the height and slope angle measurements in the 
three study areas were made with a telescoping stadia rod and 
an abney level. On the whole, it was the apparent heights of 
the fault scarps, as defined by Wallace (1980), that were 
measured in the field areas. The discrepancy between the 
apparent and original heights for the central Nevada scarp 
sites is, minimal, however. The same can be said for some of 
the 1872 scarp segments of the Lone Pine scarp, but, not for 
the older surfaces at this site. In addition to the net 
apparent heights of the scarps, the heights of the individual 
scarp components - wash slope, debris slope, and free face, 
were also measured.
Construction of Scarp Profiles
As the emphasis of this paper is not the detailed 
profiling of fault scarps, only a few profiles were drawn.
The seven profiles that were drawn were for the seven Lone 
Pine scarp sites. The main purpose of these profiles was to 
fascilitate the geometric construction shown in Figure 7, 
whereby, the original heights of the 1872 scarp surfaces were 
determined. The profile of Figure 7 is that of scarp site 
LP-4, which is also shown in the photos of Figure 8.
The apparent height and slope angle data for these three 
surfaces of each sampling site were plotted on finely scaled
UPPER FAN SURFACE T 20
FIGURE 7. FAULT SCARP PROFILE FOR LONE PINE SAMPLING SITE LP"4  SHOWING THE 
APPARENT HEIGHTS ( A.H.) AND PROJECTED HEIGHTS OF THE UPPER BEVEL 
(10,000 YRS. B.P.) , MIDDLE BEVE L (5 ,000 YRS. B.P.) AND THE 1872 OFFSET 





Figure 8. A) The 1872 scarp of the Lone Pine composite scarp 
at sampling site LP-4. B) The 5,000 years b.p. and 
10,000 years b.p. scarp surfaces at the same"site. 
Arrows point to the breaks in slope between the three scarp surfaces.
graph paper. The profiles were then drawn by simply 
connecting the points in such a way as to resemble, as
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closely as possible, the natural contour. In accordance with 
a procedure described by Slemmons (verbal communication) for 
estimating the original height of scarps based on beveling, a 
series of lines tangent to the two upper bevels and the upper 
fan surface were extended to the inferred fault plane 
position. Since the actual fault plane dip is unknown in 
this area, the dip was arbitrarily assigned values of 70°, 
80°, and 90° so as to bracket the true scarp heights. Lines 
with these dips were projected from the inferred fault plane 
position to the tangency lines. The three bracketing heights 
for the 1872 scarp were then estimated from the fault plane - 
tangency line intercepts. Although the same graphical 
procedures were followed for the 5,000 and 10,000 year old 
scarp surfaces, the values obtained from the construction are 
not, however, the original heights for these scarp surfaces. 
This conclusion is based on the fact that the 5,000 and 
10,000 year old scarp surfaces have undergone far greater 
degradation than the 1872 scarp surfaces. Such has resulted 
in the loss of original slope angles and inflection points 
which precludes the determination of the original scarp 
heights for these surfaces. For this reason, the heights of 
the 5,000 and 10,000 year old scarp surfaces obtained from 
the scarp profiles are referred to as the projected heights. 
The true (original) heights of the 1872 scarps, and the
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projected heights of the 5,000 and 10,000 years b.p. surfaces 
are listed in Table IV.
Sampling Methods
An attempt was made in this study, as in all sampling 
oriented studies, to obtain representative samples. This 
philosophy carried over to both the selection of fault scarp 
sites and the sampling of scarp soils.
The fault scarps which were studied in this report 
generally had what could be called good form; such scarps 
were characterized by well defined morphologic features and 
overall good states of preservation. The latter refers to 
the fact that the scarps were not appreciably rilled or 
channeled, nor were they in any way slumped or embayed.
Fault scarps in strongly vegetated areas were at all times 
avoided. Likewise, scarps showing advanced soil development 
were also passed over.
In order to obtain representative soil samples, each 
fault scarp was carefully examined to get a feeling for the 
range in soil characteristics. An intact block of soil 
exhibiting "average" or "typical" properties was then 
delicately carved out of the scarp with a rock hammer or 
pick. For the historic scarps, this involved extracting 
specimens from the free face portions of the scarps. In as 
much as the soil comprising the free face may be considered 
"fresh", or unaltered, due to repeated spalling, soils clods 
generally from within 6 inches of the scarp surface were
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sampled. For the 5,000 years b.p. and 10,000 years b.p. 
scarp surfaces of the Lone Pine scarp, however, which lack 
free faces, a trough was carved out around a soil block to a 
depth of 12 to 18 inches at the approximate midpoint height 
of the scarp. Then, a soil sample representative of this 
thickness of soil was cut away from the soil block. These 
soil blocks were purposely cut large so as to preserve the 
in-situ strength of the sample. At least two intact soil 
blocks were removed from each site, and later broken into 
smaller segments for the various laboratory tests.
The Engineering Properties of Soils 
Every soil possesses a set of engineering properties 
which distinguish it from other soils. These properties fall 
roughly into two categories - those that serve to classify a 
and those that serve to define its behavior under 
stress (strength).
Soil Glassification Properties
In accordance with the Unified Soil Classification 
System (U.S.C.S.) shown in Table I, a soil is classified on 
the basis of the results from two laboratory tests - the 
grain size analysis and the Atterberg Limits (Bowles, 1978). 
The grain size analysis, which typically consists of both 
sieve and hydrometer analyses, yields the weight percentages 
of soil particles that fall within certain size ranges. The 
sizes of soil particles evaluated by these procedures varies
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Table I. The Unified Soil Classification System (Bowles, 1978)
Major
divisions Groupsymbol Typical names Classification criteria for coarse-grained soils
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from clay size (0.002 mm or smaller), to gravel size (4.75 mm 
or larger) .
A soil is classified as fine grained if more than 50% of
the soil passes the No. 200 sieve (0.075 mm), and coarse
grained if less than 50% passes the No. 200 sieve. The
coarse grained soils are further classified as gravelly soils
(GW, GP, GM, GC), or sandy soils (SW, SP, SM, SC) if more, or
less, than 50% of the coarse fraction (larger than No. 200
sieve), respectively, passes the No. 4 sieve (4.75 mm). The
gravelly and sandy soils are defined as clayey (C), or silty
(M), if more than 12% of the sample passes the No. 200 sieve.
If less than 5% passes the No. 200 sieve, the coarse grained
soils fall into the categories of clean sands and gravels,
and are denoted as well graded (W) or poorly graded (P).
Where the -200 fraction of the soil is between 5% and 12%,
dual symbols are used. The final distinction between a
clayey or silty classification is based on the plasticity
index (Ip)» which is the difference between the liquid and
plastic limits. Soils with 1^ values less than 4 are
designated as silty, while those with I values greater thanP
7 are designated as clayey. Plasticity indices between the
two extremes require the use of dual symbols. Furthermore,
the well or poorly graded modifier is linked to the
Coefficient of Uniformity (Cu)> and the Coefficient of
Concavity (C ) values, as shown in Table I. c
All of the fine grained soils, with the exception of
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those considered highly organic (Pt), are distinguished from 
one another on the basis of the Atterberg Limits. Fine 
grained soils defined as having low plasticity have liquid 
limits less than 50 (ML, CL, 0L), while those defined as 
having high plasticity have liquid limits higher than 50 (MH, 
CH, OH). The classfication of fine grained soils is further 
refined by means of the plasticity chart in Figure 9, which 
utilizes the plasticity indices and liquid limit values 
(Bowles, 1978) .
Soil Strength
The strength of a soil is more than just a one parameter 
concept. With the exception of truly cohesionless soils such 
as loose sands and gravels, most soils will exhibit some 
deformational resistance in compression, shear, and to a 
small extent, tension. Owing to the typically low tensile 
strength of soil, however, most of the existing literature 
concentrates on the shear and compressive strengths of soil. 
In this study, only the shear strength of the soil was 
measured. Although the direct shear method was used to 
determine the shear properties of the scarp soils, other 
methods may be employed for the same purpose.
The direct shear test is a simple method for determining 
the cohesive strengths (C), and the peak ( <j) ) and residual 
( <f> r) friction angles of a wide variety of soils. In this 
technique, undisturbed (intact) soil specimens from a common 









Figure 9. Plasticity chart for fine grained soils.
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progressively higher normal loads. Once the peak shear 
strength value has been reached for each sample, the 
displacement is allowed to continue until the shear stress 
levels off at a residual value. The coordinates of the 
normal and shear stress at peak and residual strengths are 
then plotted on a diagram similar to that shown in Figure 
10B. A regression analysis of the peak coordinates yields a 
cohesion intercept (C) and a slope value ( <j> ) , while the
same for the residual coordinates yields only a lower slope 
value ( <j> R) . For most soils, the regression of the peak 
strength points is approximately linear, and behaves 
according to the following equation (Peck, 1974), referred to 
as the Coulomb equation:
T = C + antanc{>p where: X = shear strength
C = cohesive strength 
an = normal stress 
cj)p = peak friction angle
By substituting <J) R for <f> and setting C = 0 , one obtains the 
following expression for the residual shear strength:
T = antan<f>r
The cohesive strengths, and the peak and residual 
friction angles may also be obtained from the triaxial 
compression test. In this method, cored soil specimens from 
a common sample are placed under progressively higher 
















Figure 10. Normal stress (a) vs. shear stress (x) plots and
states of stress for: A) Triaxial compression test 
B) Direct shear test (from Peck, 1974).
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compressive loading until failure occurs. Under this type of 
loading specimen failure will occur, in theory, along a plane 
of maximum shear stress which is inclined 45° + <j>/2 to the 
horizontal plane of the specimen (Peck, 1974). This 
relationship is best observed in a Mohrs circle construction 
as shown in Figure 10A. When a series of such tests is 
performed, one may construct a succession of Mohrs circles on 
a normal stress - shear stress plot and determine the 
cohesive strength, and the peak and residual friction angles.
Although both methods give comparable values for the 
soil shear properties, triaxial testing of soil usually 
results in higher shear strength values than obtained by the 
direct shear method (Watters, verbal communication).
Slope Stability
The problem of assessing the stability of a natural 
slope is exceedingly complex. Even under the most favorable 
circumstances, where the hydrology, geology and engineering 
parameters are known to relative certainty, other variables 
may enter into the stability riddle. Such is plainly evident 
in areas characterized by strongly inhomogeneous soils, such 
as occur in the alluvial and colluvial fan deposits of desert 
regions. It is very difficult to apply classical slope 
stability theories, which are based primarily on the 
performance of fine grained soils, to gravelly and bouldery 
fan deposits. Scale problems as well as textural ones may
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also complicate the application of theoretical approaches to 
such soils. Much of the current data on slope failure in 
soil is based on slopes many tens to hundreds of feet high. 
The fault scarps of this study, on the other hand, range in 
height between 4 and 20 feet, with most falling below 10 
feet. Despite these qualifications, it is apparent from 
field observations that such engineering properties as the 
cohesive strengths and peak friction angles largely determine 
the scarp degradation characteristics. Moreover, both the 
cohesive strength and peak friction angle terms are integral 
parts of all slope stability equations.
A wide variety of analytical methods for assessing the 
stability of soil slopes are available to the engineer. Two 
basic assumptions are common to all of these methods: the 
soil mass behind a slope fails along a roughly circular 
surface (arc); the stability of a slope is defined in terms 
of moments about the center of a failure arc (Lambe, 1969). 
The ratio of the moments that resist sliding to those that 
act in the direction of potential sliding is called the 
factor of safety.
A typical slope profile cut by a potential failure arc 
is shown in Figure 11. The most common and expedient 
approach to a circular failure stability problem is to divide 
the soil cross-section above the failure arc into vertical 
slices. This technique reduces the estimation of soil volume
to a routine calculation.
Center of failure circle 36
Phreatic
surface
i=nCL + tanc|> (W^cosG^ - u^Aip













= length of failure arc
= peak friction angle
= total weight of slice
= slope at base of slice
= pore pressure
= effective normal stress
= shear stress
= height of slice
= height of water
= width of slice
= arc length at base of 
slice
Figure 11. Method of slices technique for evaluating 
the factor of safety of a slope in soil 
(from Lambe, 1969).
37
In order to determine the resisting and overturning 
moments within a soil mass, the following soil properties and 
slope profile features must be known: the soil cohesive 
strength (C) and peak friction angle ( <}>p); the soil bulk 
density ( Y b); the volume of each slice; the length of the 
failure arc (L); and the slope of the tangent line to the 
base of each slice ( 0^) . Once the volume of each slice has 
been determined, the weight of the soil slice (V^) is 
computed on multiplying by the soil density. The soil weight 
which acts vertically down is statically broken into 
components normal and tangential to the base of each slice. 
The pore water force, , is deducted from each normal 
component so as to obtain the effective normal load, ap .
These components are then applied to the equation shown below 
(Lambe, 1969) for the factor of safety:
CL + tantj) 2  (W^cosO^ - u^Al^)
__________ i = l____________________
i=n sinSi
i = l
C = cohesive strength
L = length of failure arc
<p = peak friction angle
W-£ = total weight of slice
0^ = slope at base of slice
u^ = pore pressure
Al^ = arc length at base of 
slice
F . S . =
where:
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As is clearly apparent, this equation is just a restructuring 
of the Coulomb equation listed on page 31.
Whether the slope failure mechanism discussed in the 
foregoing paragraphs actually operates to a significant 
extent in scarp soils is a matter for some debate. What is 
clear, though, is that the erosive agents which act on fault 
scarps, mainly water in the form of transient surface flow 




Dixie Valley-Fairview Peak Region
Lithology
The Dixie Valley-Fairview Peak region includes the 
Stillwater Range, Dixie Valley proper, the Clan Alpine 
Mountains, and the Fairview Peak area. While no Paleozoic 
rocks outcrop in the region, a wide variety of Mesozoic and 
Cenozoic rocks have been recognized (Willden, 1974).
The Stillwater Range exhibits the greatest lithologic 
complexity in the region. The range is characterized by a 
mixed assemblage of predominantly Tertiary rock exposures in 
its southern half, and mainly Mesozoic age sedimentary and 
mafic igneous rocks in its northern half. Volcanic rocks 
constitute the majority of the Tertiary sequence, and these 
include, in order of relative abundance: basalt; rhyolite- 
rhyodacite welded tuffs; and latite welded tuffs. A granite- 
granodiorite mass and an outcrop of younger sedimentary rocks 
make up the other Tertiary outcrops. A small block of 
Mesozoic rocks is composed of Cretaceous granodiorite and 
quartz monzonite, Jurassic-Triassic volcaniclastic rocks, and 
Triassic limestone, dolomite and slate.
In the northern half of the Stillwater Range, the 
Triassic slate unit is exposed continuously for many miles 
along the western half of the range. Further north, the 
beginnings of a large complex of mafic igneous rocks is
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evident with outcrops of Jurassic gabbroic and mafic volcanic 
rocks. Associated with the latter are Jurassic quartz 
arenite and 1imestone/marble units. Along the northern 
boundary of the range, one sees mainly Triassic limestone, 
dolomite and sandstone.
The Clan Alpine Mountains on the east side of Dixie 
Valley are far simpler geologically than the Stillwater 
Range. With the exception of fault bounded blocks of 
Triassic rocks in the northern and extreme southern parts of 
the range, and some remnants of the Stillwater mafic complex, 
the exposures consist mainly of Tertiary rhyolite and 
rhyodaci te .
Over most of its length, the Fairview Peak area is 
overlain by Tertiary rhyolite flows and tuffs. The 
continuity is interrupted in only a few areas by Tertiary 
dacites and Jurassic volcaniclastic rocks.
Dixie Valley proper represents an accumulation of 
Quaternary lake, playa, and fan deposits of considerable 
thickness (Willden, 1974).
Structure
The structure of the Dixie Valley-Fairview Peak region 
is dominated by the high angle normal faults which lie along 
the range fronts. Thousands of feet of dip-slip displacement 
have occurred on these faults over the latter quarter of the 
Cenozoic era, with the result being depressed crustal blocks 
(grabens), and uplifted crustal blocks (horsts).
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Dixie Valley is an example of a highly asymmetric graben 
as shown in Figure 12 (Stewart, 1971). Seismic refraction 
studies by Meister (in Stewart, 1971) indicate that the 
sediments in the inner trough of this downstepping graben 
attain a maximum thickness of about 10,500 feet. In the same 
study, Meister reports measuring fault plane dip of 35° to 
45°. Aeromagnetic data by Herring (in Stewart, 1971) points 
to an average depth of 6,500 feet for the sediments in this 
inner trough. The asymmetry of the graben comes from the 
more distributed sense of normal faulting on the eastern side 
of Dixie Valley, and from the merger of the faults at the 
northern end of the valley.
In addition to the range front faults, local structures 
of Mesozoic and Cenozoic age are abundant in both the 
Stillwater Range and the Clan Alpine Mountains. Normal 
faults of limited areal extent cut the Stillwater Range at 
numerous points along its length. Many of these faults are 
subparallel to the range axis. Minor folds of Early and 
Middle Jurassic age with west to northwest axial trends, and 
vertical to southernly dipping axial planes, are present in 
the Mesozoic rocks of both ranges (Willden, 1974). Minor 
thrust faults of the same age are associated with these 
folds. Other, more regionally significant thrust faults 





Figure 12. Block diagram showing the asymmetry of the Dixie 
Valley graben. Note the more distributed sense of 
faulting on the eastern side of the valley at the 




The Pleasant Valley region includes Pleasant Valley 
proper and the Tobin Range. The rocks which comprise the 
Tobin Range vary in age from Pennsy1vanian/Permian to Late 
Tertiary (Johnson, 1977).
All of the Pennsylvanian/Permain rocks have been grouped 
into the Havallah and Pumpernickel formations, and outcrop 
mainly in the northern half of the Tobin Range. The Havallah 
Formation consists of a heterogeneous sequence of quartzite, 
chert, argillite, limestone, sandstone and greenstone, and 
the Pumpernickel Formation consists of greenstone, chert and 
argillite. Excluding a small outcrop of Jurassic 
granodiorite and scattered occurrences of Triassic volcanic 
and sedimentary rocks, the Havallah and Pumpernickel 
formations comprise all of the exposures in the northern half 
of the range.
In the southern half of the range, a thick sequence of 
Triassic mafic volcanic rocks, limestone, dolomite, and 
clastic rocks unconformably overlie the Pennsylvanian/Permian 
formations. The clastic rocks include sandstone, argillite 
and minor mudstone. This sequence is in turn overlain by 
Tertiary basalt, andesite, rhyolite tuff, and sedimentary 
rocks (Johnson, 1977).
Structure
The high angle normal faults which project to great
depths from the western margin of the Tobin Range are the 
principal structural features of the Pleasant Valley region. 
Uplift of the Tobin Range relative to Pleasant Valley along 
these faults over the latter quarter of the Cenozoic era has 
amounted to several thousand feet, or more.
Page (1935) has shown that most of this uplift has 
occurred along a minimum of three fault zones at the base of 
the Tobin Range. Only two of these fault zones were active 
during the 1915 Pleasant Valley Earthquake, and these are 
shown in Figure 13. The northern fault zone, which Page 
(1935) called the Tobin fault zone, extends from a point 
about 3 miles east of Siard Ranch north for a distance of 
about. 9 miles. The southern fault zone, which he called the 
Pearce fault zone, extends from Siard Ranch south for a 
distance of about 17 miles to the approximate southern end of 
Pleasant Valley. These two fault zones divide the Tobin 
Range into two structural blocks, appropriately enough 
called, the Tobin and Pearce blocks (Page, 1935).
The Pearce Block is more complex structurally than the 
Tobin Block. Normal faults of varying length and 
orientations repeatedly offset the Triassic formations of the 
Pearce Block. The Pennsylvanian/Permian rocks of the Tobin 
Block are also offset by normal faults, as well as thrust 
faults, but the deformation is less intense than that 
exhibited in the Pearce Block. The faulting, and associated 
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Figure 13. Map of the 1915 fault scarps, Pleasant Valley, Nevada 
(modified from Page, 1935).
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to the Sonoma orogeny of latest Permian and earliest Triassic 
time. The intense deformation of the Triassic rocks exposed 
in the Pearce Block is believed to have occurred during 
Jurassic time (Johnson, 1977).
Lone Pine Region
Lithology
The Lone Pine region falls within the larger Owens 
Valley area which includes a portion of the eastern Sierra 
Nevada, Owens Valley proper, the White and Inyo Mountains, 
and the Coso Mountains.
The oldest rocks in the Owens Valley area are 
Precambrian in age, and occur in the White and Inyo 
Mountains. There, dolomitic strata of inferred Precambrian 
age attains a thickness of 13,000 feet (Bateman, 1966). A 
sequence of Paleozoic rocks, 26,000 feet thick conformably 
overlies the Precambrian section. These rocks are, for the 
most part, carbonate, but, include lesser amounts of 
quartzite, siltstone, and shale. In places, these rocks are 
metamorphosed to marbles, phylites, and orthoquartzites.
These Paleozoic rocks are in turn unconformably overlain by 
lower and middle Triassic calcareous shales and limestones, 
and upper Triassic and Jurassic shales interbedded with 
volcanic tuffs and breccias. Scattered outcrops of granite 
and gabbro also occur in the Inyo Mountains (Knopf, 1918).
Paleozoic and Mesozoic stratified rocks also occur along
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the eastern Sierra Nevada in the form of roof pendants and 
septa in the main batholitic mass, but, these rocks have been 
completely metamorphosed. The Paleozoic sequence consists 
mainly of siliceous hornfels, with subordinate amounts of 
marble, orthoquartzite, chert, and calcareous or dolomitic 
siltstone, occurring as interbeds. On the whole, the 
Paleozoic rocks of the Sierra Nevada are more siliceous than 
those of the White and Inyo Mountains. The Mesozoic 
exposures in the pendants and septa are composed primarily of 
metavolcanic and graywacke-type sedimentary rocks. Most of 
the metavolcanic rocks are pyroclastic in origin, and possess 
felsic to intermediate compositions (Bateman, 1966).
Based on areal extent alone, the Mesozoic age granitic 
batholith which forms the backbone of the Sierra Nevada is 
the dominant lithologic feature in the Owens Valley area. 
Although quartz monzonite and granodiorite are the most 
abundant granitic rock types, compositions range from quartz- 
diorite to alaskite. Recent studies indicate that the Sierra 
Nevada batholith is an aggregate of a few large and many 
small plutons which range in age from late Triassic to Early 
Cretaceous (Bateman, 1966).
Granitic rocks also occur in the Alabama Hills area at 
the base of Sierra Nevada northwest of Owens Lake. The 
compositions of these rocks (granites, alaskites, 
nordmarkites) , however, are more highly differentiated than 
those typical of the Sierra Nevada (Richardson, 1975).
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Intrusive relationships and faulting bring these granitic 
rocks into contact with a wedge of metasedimentary and 
metavolcanic rocks in the northeastern part of the Alabama 
Hills .
Most of the Cenozoic outcrops of the Owens Valley area 
occur in Owens Valley proper, or peripheral to it. Late 
Tertiary to Early Quaternary rhyolitic and basaltic flows, 
tuff and breccia are exposed at a number of points along the 
length of Owens Valley. A thick basalt flow of this age 
conformably overlies the sedimentary rocks of the Coso 
Formation at the southern end of Owens Valley. Quaternary 
exposures in the Owens Valley area include a wide variety of 
lacustrine, alluvial fan and glacial deposits. The 
lithologic character of the lacustrine deposits of Owens Lake 
was studied in detail by Carver (1970).
Structure
The pre-Cenozoic structure of the Owens Valley area, 
specifically the eastern front of the Sierra Nevada, has been 
the subject of several regional studies. Mayo (1941) 
conducted a comprehensive study of a variety of older 
structural features in the Sierra Nevada region. On the 
basis of the orientations of folds, cleavage, shears, joints, 
intrusive contacts, aligned minerals, and schlieren Mayo was 
able to identify four major structural trends: a north- 
northwest trend for Paleozoic and Mesozoic folds, a north- 
northwest trend for the axes of plutons; two trends, defined
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by the alignment of mafic dikes at about N30°W and N70°W; and 
two regionally significant joint sets trending northeast- 
southwest and northwest—southeast•
The regional Cenozoic structural plan for the Owens 
Valley area is shown in Figure 14. The positions of the 
major faults in the figure are based mainly on a geophysical 
study of the region by Pakiser (1964) . Three main zones of 
Cenozoic faulting have been recognized in the Owens Valley 
area: the Sierra Nevada frontal zone; the White and Inyo 
Mountains frontal zone; and the Central Owens Valley fault 
zone.
Lying at the base of the Sierran escarpment, the Sierra 
Nevada frontal zone is a zone of predominantly normal 
displacement. Possibly as much as 11,000 feet of uplift has 
occurred along this zone since the late Tertiary. Most of 
this uplift, however, was probably completed in a 
geologically short period of time, as there is little 
evidence for Quaternary tectonism (Richardson, 1975).
The Inyo-White Mountains frontal zone is also a zone of 
mainly dip-slip displacement which defines the eastern margin 
of Owens Valley. Carver (1970) divides this zone into three 
segments. The northern segment bounds the White Mountains on 
the west and shows evidence of late Pleistocene faulting in 
the form of broad linear grabens. The central segment, which 
has been inactive during the Late Quaternary, extends from 
the northern zone south to the northeastern edge of Owens
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Figure 14. Cenozoic structure map for the Ovens Valley Region. The following 
abbreviations were used: HR=Haiwee Reservoir; K=Keeler; LP=Lone 
Pine; I=Independence; BP=Big Pine; B=Bishop (modified from 
Pakiser, 1964).
Lake. Late Pleistocene faulting resumes in the southern 
segment, which borders the eastern and southern edges of 
Owens Lake. This tectonic activity is revealed by short 
fault scarps and small grabens subparallel to the Inyo Range 
front. A north-south splay of this segment continues south 
to the Coso Range where it bends to follow a southwesterly 
trend.
Of the three fault zones, the central Owens Valley fault 
zone has been the most tectonically active in the Quaternary. 
This fault zone Is a, more or less, continuous assemblage of 
dip-slip and oblique-slip faults stretching from the southern 
end to just shy of the northern end of Owens Valley. The 
strongest earthquake in historic time for the western United 
States (excluding the Alaskan earthquake of 1964) occurred 
along this zone in 1872. Based on comparisons with modern 
earthquakes, the shock is estimated to have had a magnitude 
of 8.3. Pakiser (1964) estimates by means of geophysical 
data that the vertical displacement on the Owens Valley fault 
zone in the vicinity of the Alabama Hills is 8,000 + 2,000 
feet. At this locality, which is adjacent to Mt. Whitney 
(14,495 feet), the combined vertical displacement along the 
Sierra Nevada frontal zone and the central Owens Valley fault 
zone is roughly 19,000 feet. These two fault zones merge a
51
few miles south of Owens Lake.
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CHAPTER III
TECTONIC SETTING FOR THE CALIFORNIA-NEVADA REGION
The fault scarps of the three areas studied in this 
report are related to major range front fault zones of the 
western half of the Basin and Range physiographic province. 
The Lone Pine study area, southernmost of the three areas, is 
located a few miles east of the Sierra Nevada frontal zone 
which forms the boundary between the Sierra Nevada and Basin 
and Range provinces.
The three study areas lie along a 470 mile long zone of 
high historic seismicity which extends from just off the 
coast of Ventura, California, to Winnemucca in north-central 
Nevada (Figure 15). The Ventura-Winnemucca zone, as it is 
called, has been the most seismically active zone in the 
western United States over the last 100 years (Ryall, 1966). 
This zone is roughly defined by the epicentral trace of large 
(M>6.5) historic earthquakes which include not only the 
earthquakes at Lone Pine (1872), Pleasant Valley (1915), and 
Dixie Valley-Fairview Peak (1954), but also those at Ft.
Tejon (1857), Cedar Mountain (1932), Excelsior Mountain 
(1934), Arvin-Tehachapi (1952), and Rainbow Mountain (1954). 
Although the Ventura-Winnemucca zone is characterized by high 
seismicity, it is not aligned with any major structural 
feature. Instead, the zone actually tends obliquely to the 
physiographic boundaries and major structural features of the 
California-Nevada region.
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Figure 15. California-Nevada regional tectonic setting 
(modified from Carver, 1970).
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South from Winnemucca, the zone first overlaps another 
highly seismic zone, the Walker Lane. Trending roughly 
northwest-southeast, the Walker Lane fault zone has been 
interpreted as a regional right-lateral wrench zone 
consisting of numerous en-echelon branches. Over the last 22 
m .y ., the right lateral displacement along this zone has 
averaged 2.2 mm/year for a total offset of about 30 miles 
(Slemmons, 1978).
Further south, the Ventura-Winnemucca zone crosses the 
Sierra Nevada frontal zone in the general area of the Lone 
Pine study area. The combined vertical displacement on this 
fault zone and the neighboring Owens Valley fault zone may 
exceed 19,000 feet. While the Sierra Nevada fault zone is 
represented by a nearly continuous escarpment in the southern 
and central portions of Owens Valley, north of this much of 
the deformation is related to warping (Bateman, 1966).
The Ventura-Winnemucca zone continues in a gently curved 
southwesterly direction and passes close to the intersection 
of the San Andreas and Garlock faults. The northwest- 
southeast trending San Andreas fault zone is by far the most 
significant structural feature in the western United States 
as it forms the boundary between the Pacific and North 
American plates. This right-lateral strike-slip fault, of 
presumed transform fault origin, extends from the Mendocino 
fault off of the northern California Coast to the Gulf of 
California (Spencer, 1977). Crowell (1962) estimates that as
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much as 125 miles of right— lateral displacement has occurred 
on this fault zone since Miocene time. The northeast- 
southwest trending Garlock Fault is believed to be a 
conjugate branch of the San Andreas fault zone. Movement 
along the Garlock fault zone has been predominantly left- 
lateral.
As stated previously, the three study areas are situated 
within the Basin and Range physiographic province. This 
province, consisting of alternating fault block mountains and 
sediment filled basins, covers almost all of Nevada, and 
parts of Oregon, California, Utah, Arizona, New Mexico, and 
northern Mexico. Recent studies indicate that the block 
faulting of the Basin and Range province is the result of 
regional extension which has been operative since the latter 
quarter of the Cenozoic. Thompson (1974) estimates that the 
province has been spreading at a rate of 0.4 mm/year for the 
last 15 m.y., and probably lmm/year for the last 12,000 
years. The approximate spreading direction for the region 
given by Thompson, N55°W-S55°E, is in excellent agreement 
with that proposed by Ryall (1971), N60°W-S60°E. The source 
of the extensional forces required to produce Basin and Range 
structure has been the subject of numerous theories. Such 
theories range from that held by Jackson (1978) for back-arc 
spreading, to that supported by Slemmons (1967) for extension 




DISCRETIONS OF FAULT ZONES AND STUDY AREAS
Dixie Valley-Fairview Peak Fault Zones and Study Areas 
Historical Account of Dixie Valley-Fairview Peak Earthquakes 
of 1954
On the morning of December 16, 1954, west-central Nevada 
was shaken by two large earthquakes. The first of these, 
which occurred at 3:07 a.m. P.S.T., had a magnitude of 7.1, 
and an epicenter located along the east flank of Fairview 
Peak and in the Louderback Mountains (Tocher, 1957). Four 
minutes later, the second shock occurred with a magnitude of 
6.8, and an epicenter situated in western Dixie Valley, 
approximately 30 miles north of the first epicenter.
Utilizing the arrival times of the primary waves from the 
Dixie Valley shock, Romney (1957) refined the Dixie Valley 
epicentral location to 39°N latitude and 118.1°W longitude. 
Romney also computed focal depths of 15 kms. and 40 kms. for 
the Fairview Peak and Dixie Valley shocks, respectively. 
Ground motion caused by the earthquakes was felt over an area 
of 220,000 square miles extending north and south from 
Brogan, Oregon, to Los Angeles, California, and east and 
west, from San Francisco, California to Salt Lake City, Utah. 
No loss of life ensued from the earthquakes, and property 
damage was held to a minimum.
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Dixie Valley-Fairview Peak Fault Zones
The geological effects of the Dixie Valley-Fairvew Peak 
earthquakes of 1954 were studied in depth by Slemmons (1957). 
The following discussion is based entirely on his study, 
except where noted.
The surface ruptures produced during the Dixie Valley- 
Fairview Peak earthquakes form a northerly trending zone 60 
miles long and 20 miles wide. This zone is defined by four 
distinct sub-zones of surface displacement: the Dixie Valley 
fault zone; the Gold King Fault zone; the Fairview Peak fault 
zone; and the Westgate fault zone (Figure 16).
The Dixie Valley fault zone consists of a series of 
fault scarps totaling about 28 miles in length which begins 
about 6 miles south of Coyote Canyon and ends at the 
northwestern edge of the Humboldt Salt Marsh (Figure 16). 
Between Coyote Canyon and IXL Canyon, where most of the best 
scarp exposures are found, the scarp height ranges between 5 
and 20 feet. North and south of this segment the scarps 
progressively decline in height. A section of the Dixie 
Valley fault zone is shown in Figure 17. For the most part, 
the scarps of this zone have formed in alluvial/colluvial 
material downslope of the bedrock exposures. Fault scarps in 
these sediments typically have very steep to vertical dips, 
whereas, scarps formed in bedrock have dips in the 55° - 75° 
spread. Although some small lateral displacments have been 
noted along the Dixie Valley fault zone, these are considered
Figure 16. Fault zones of the 1954 D i x i e I ^ b ^ p I o S / o f  




Figure 17. The northern end of the Dixie Valley fault zone 
looking northwest toward "the bend" area. Two 
main branches of the Dixie Valley fault zone, 
one at the bedrock/alluvium contact (distant), 
and the other transecting the central portion of 




anomalous to the predominant dip-slip sense of surface 
displacment.
Located on the east side of Dixie Valley, the Gold King 
fault zone also shows primarily normal displacement (Figure 
16). This offset generally amounts to about 2 feet over much 
of the zone's 15 miles length from the west side of Chalk 
Mountain to the northwestern edge of the Louderback 
Mountains.
The Fairview Peak fault zone, which stretches from 
slightly north of Chalk Mountain to the southern end of Bell 
Flat, a distance of about 20 miles, exhibits strike-slip and 
oblique slip displacements (Figure 16). In the vicinity of 
Chalk Mountain, the dip-slip displacement is 4 feet and the 
right-lateral displacement is 3 feet. Further south, near 
Highway 50, the scarps assume a complex en-echelon pattern 
with equivalent strike-slip and dip-slip displacements of 5 
to 6 feet distributed over several surface scarps. Between 
Highway 50 and Fairview Peak, the scarp height averages 3 to 
4 feet, but east of Fairview Peak the scarps increase in 
height. A maximum height of 23 feet was recorded in this 
area for a scarp in alluvium, while, an adjacent scarp in 
bedrock showed only 7 feet of vertical offset, as well as 12 
feet of right-lateral offset. The disparity in the two dip- 
slip values is assumed to be a function of crestal decay due 
to spalling processes in the alluvial scarp. The 12 feet of 
right lateral offset for the bedrock scarp corresponds
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exactly to measurements made on scarps at the southern end of 
the Fairvlew Peak area. Normal displacements in this 
southern section fell in the 6 to 10 feet range, resulting in 
a maximum oblique-slip value of about 16 feet. Along the 
northern portion of Bell Flat, the fault scarps have up to 14 
feet of right-lateral displacement, and at least 12 feet of 
normal displacement. The fault plane dips for the Fairveiw 
Peak fault zone lie in the same general ranges as those for 
Dixie Valley - 55°- 75° for bedrock scarps, and very steep to 
vertical for alluvial/colluvial scarps.
A fourth zone of faulting described by Slemmons as the 
Westgate fault zone marks the eastern boundary of faulting 
during the Dixie Valley-Fairview Peak earthquakes of 1954 
(Figure 16). Both dip-slip and strike slip displacement 
components have been recognized along this nearly 30 mile 
long zone of discontinuous scarps stretching from Twin Peaks 
to the west side of Mt. Anna. Between Twin Peaks and Highway 
50, the vertical offset varies between 2 and 4 feet, where 
the lateral offset is about 2 feet. During the 1954 
earthquakes, a section of Highway 50 along this zone was 
offset 1 foot vertically and 3 feet horizontally.
Evidence of lateral displacement along these scarps 
comes not only from features such as displaced stream beds 
and fences, but, also from striations or mullion structures 
in the fault planes. On the east side of Fairview Peak, 
these striations typically possess angles of rake (pitch) in
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the 30° - 60° spread for fault plane dips of 55° - 80°. For 
the most part, the sense of movement is right-lateral, but, 
some inconsistencies exist.
Larson (1957) mapped in detail many of the minor 
features associated with the Fairview Peak fault zone. He 
mainly studied the en-echelon fractures and compression 
ridges which were formed in alluvium adjacent to the main 
scarps. The orientations of these features reflect the sense 
of lateral displacement in the fault zone as a whole. Larson 
recognized both right- and left-lateral displacement, and a 
third category that he described as "Right-lateral movement 
with a superposed component of compression due to 
landsliding." The modal orientations of N45°E and N20°W for 
the en-echelon fractures and compression ridges, 
respectively, for one of the areas studied by Larson suggest 
that these are third order tectonic structures related to 
north-south compression.
Dixie Valley -Fairview Peak Study Areas
Dixie Valley Study Area - All of the Dixie Valley sampling
sites lie along a roughly 6 mile long segment of the Dixie
Valley fault zone bracketed by Little Box Canyon on the south
and Rock Creek Canyon on the north. The exact locations of
the fault scarp sampling sites are shown in Figure 18. Along
this segment of the Dixie Valley fault zone, the scarps range
in height from 4.0 feet to 14.5 feet, and show free
face/scarp height ratios (R ) between 0.38 and 1.00. Thes
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study area scarps traverse alluvium/colluvium derived from 
three units mapped by Page (1965). These units include from 
south to north: Tertiary granite-granodiorite, Triassic
quartzite; and Triassic slate with intercalated limestone.
An example of the variation in composition and Rg ratios 
along the scarps of the study area is shown in Figure 19.
A total of five scarp sites composed of granitic 
detritus were studied along the study area scarps (DV-3, 4,
5, 13, 14). All of these samples consist of well sorted,
predominantly sand sized alluvial material, with occassional 
gravel size granite clasts. This textural characteristic for 
granitic soils has also been noted by Birkeland (1974). 
Typically, one may recognize discrete mineralogies such as 
quartz, feldspar and biotite among the individual grains. As 
a whole, the granitic soils are tan to buff colored.
The five slaty soils derived from the Triassic slate 
with intercalated limestone unit have colluvial textures (DV- 
9, 10, 11, 12, 15)* Well rounded cobble size slate slabs are 
abundant, and fine silt to clay size material is decidely 
lacking in these soils. Generally, slate fragments 
constitute 95% or more of the total soil volume, with 
limestone fragments making up the majorority of the remaining 
clasts. When exposed in a scarp face, the slate slabs have a 
roughly subparallel, or imbricated orientation. Such 
undoubtedly explains the high Rg values of slate-composed 
scarps, where the actual strength of the soil is relatively
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Figure 19. Variations in scarp morphology and soil composi­
tion along a segment of the Dixie Valley fault 
scarp. The arrow on the left points to sampling 
site DV-8 where the Rs value is 0.56 and the 
material type is limestone. The arrow on the 
right points to sampling site DV-9 where the Rs 
value is 1.00 and the material type is slate. 
Note the strong colluvial texture of DV-9.
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low. The slate derived colluvium has a medium to dark grey 
color.
Two limestone soils were sampled along the Triassic 
slate with intercalated limestone units (DV-7, 8). They are 
roughly intermediate in texture between the granitic and 
slate-derived soils, having an abundance of both fine and 
coarse constituents. The scarps in this material are 
littered with 2+ inch clasts. The matrix is tan colored, and 
consists of soil grains finer than sand size. The larger 
limestone clasts commonly have hard caliche accumulations on 
their undersides, and the debris slope portions of some 
scarps have powdery carbonate residues on their surfaces•
Only one scarp site (DV—6) was sampled along the 
Triassic quartzite unit, and although practically all of the 
clasts are quartzite, the matrix material was probably 
derived from other rock types. This conclusion was reached 
on the basis of the strong brown color and clay enrichment. 
The texture of the sample is similar to that shown by the 
limestone samples, but, has a higher percentage of 2+ inch 
clasts.
At the southern end of the study area, two scarp sites 
were sampled that failed to show a distinct clast lithology 
(DV-1, 2). Both soil samples lie along a section of the
scarp which parallels the Tertiary granite-granodiorite 
outcrop, but, they do not have grus textures, nor do they 
have an abundance of granitic clasts. In all probability,
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the scarp soils are derived from mafic igneous rocks based on 
the dark brown color of the soil and some of the clast 
compositions. Nearly equal volumes of clasts and matrix 
characterize the samples.
Fairview Peak Study Area - The two Fairview Peak sampling
sites lie along a 400 foot long segment of the Fairview Peak
fault zone. The exact locations of the sites are shown in
Figure 20. The scarp heights at these two sites are 15 feet
and 12 feet, and the R values are 1.00 and 0.67,s
respectively. Both of these sites are' composed of colluvium 
derived from Tertiary rhyolite. These soils have an 
abundance of 2+ inch clasts, and only small amounts of fines.
Pleasant Valley Fault Zones and Study Areas 
Historical Account of the Pleasant Valley Earthquake of 19_1_5 
On October 1, 1915, at 10:45 p.m. P.S.T., Pleasant 
Valley located in north central Nevada, was the site of a 
large earthquake (Jones, 1915). The earthquake occurred in 
response to normal faulting which took place along the west 
flank of the Tobin Range. Based on the extent of property 
damage, descriptions of the ground motion from residents, and 
the size of the felt area, the earthquake was assigned a 
Modified Mercalli Scale intensity of IX. Strong similarities 
between the felt areas of the Pleasant Valley and San 
Francisco (1906) earthquakes, suggest that the former had a




Figure 20. Location map for the Fairview Peak study area 
sampling sites. The sampling sites have been 
plotted on a segment of the Bell Canyon 7.5 
minute topographic map.
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The main shock was preceded by two foreshocks. The 
first of these, which occurred at 3:41 p.m. P.S.T., had an 
intensity of III in Pleasant Valley and I in Reno. The 
second foreshock, which occurred at 5:49 p.m. P.S.T., had an 
intensity of VI in Pleasant Valley, and V in Reno. Ground 
motion associated with the first foreshock lasted about 19 
minutes, while for the second shock, the rumbling lasted for 
a full hour.
Although most of the serious structural damage and 
surface faulting took place within a 50 mile radius of the 
epicentral area, the Pleasant Valley Earthquake was felt over 
an area extending from Baker, Oregon to San Diego,
California, a distance of about 800 miles north and south, 
and from the Pacific coast to Salt Lake City, Utah, a 
distance of about 650 miles east and west. As a consequence 
of the low population density there was no loss of life, and 
major structural damage was mainly limited to masonary 
buildings.
Pleasant Valley Fault Zones
The faulting which occurred during the Pleasant Valley 
Earthquake of 1915 was distributed over the Tobin and Pearce 
fault zones (see structure section). While the entire length 
of the Pearce fault zone ruptured during the 1915 earthquake, 
only about half of the length of the Tobin fault zone was
activated at this time (Page, 1935).
That part of the Tobin fault which ruptured during the
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1915 Pleasant Valley Earthquake, referred to here as the 
Tobin scarp, extends from a point 2.5 miles east of Siard 
Ranch north for a distance of approximately 4.6 miles (Figure 
13). The Tobin scarp has an overall north-south trend, but, 
in detail it is roughly crescent shaped and concave to the 
west. The height along this scarp ranges from 0 to 10 feet, 
dying out gradually at both ends. For the most part, the 
Tobin scarp is continuous showing only slight offset of scarp 
segments in a few places. At the northern end of the Tobin 
scarp a northwest trending scarp 0.8 miles long occurs in 
alluvium west of the main scarp. Although Page (1935) 
includes this among the other 1915 scarps, Wallace (1980) 
believes this to be a pre-1915 scarp. Between its northern 
terminus at an elevation of about 5800 feet and its southern 
terminus at about 6600 feet, the Tobin scarp climbs 800 feet.
The 1915 scarp formed along the Pearce fault zone, 
herein described as the Pearce scarp, is 16.7 miles long 
extending from Siard Ranch to a point near the southern end 
of Pleasant Valley. Over the length of the Pearce scarp, the 
scarp height varies from 0 to 16 feet, dying out at both 
ends. While the net trend of the scarp is N20 E, numerous 
flexures occur which give the scarp an irregular embayed 
form. Excluding a few minor breaks, the Pearce scarp is a 
continuous feature, as indicated in the photo of Figure 21.
In contrast to the Tobin scarp, the Pearce scarp varies only 
about 200 feet in height between its northern and southern
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Figure 21. A segment of the Pearce fault scarp (photograph 
courtesy of Dr. D .B .Slemmons).
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ends .
With the exception of a few bedrock exposures, the Tobin 
and Pearce scarps are composed of alluvial/colluvial 
material. Scarps in these materials typically have very 
steep to vertical slopes. Where bedrock is exposed the slope 
is normally lower. At one point along the Pearce scarp, an 
exposure of slickensided dolomite has a 49°W dip. A caliche 
covered fault surface at another location dips from 75 to 
81° N. One of the canyon cuts along the Pearce scarp reveals 
a 60° fault plane dip. These data points, as well as others, 
bracket the true fault plane dip at between 41° and 81°
(Page, 1935).
Neither Page (1935), nor Jones (1915), recorded any 
lateral displacement along the Tobin and Pearce scarps. 
Wallace (1980), however, has observed both right-and-left 
lateral displacement. All but one of his seven observations 
of lateral displacement point to a predominant right-lateral 
sense of motion. The right-lateral offsets associated with 
these observations varied between 0.5 and 2.0 meters.
In addition to the lateral displacements related to 
oblique slip faulting described by Wallace, Page (1935) 
describes down dip "lateral" displacement (heave) incurred 
during normal faulting. The heave is a necessary component 
of normal faulting where the fault plane is inclined at an 
angle less than vertical. The heave components for the two 
fault zones ranged between 0 and 13 feet. Using a uniform
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fault plane dip of 60° and an average throw of 10 feet, Page 
computed an average heave of 5.7 feet.
Pleasant Valley Study Area
The Pleasant Valley study area covers an 11 mile segment
of the Pearce scarp which stretches from Little Miller Basin
on the south to Siard Ranch on the north (Figure 22). The
heights of the scarps studied in this segment ranged between
8.5 and 19.5 feet, while the free face/scarp height ratios
(R ) showed the full spectrum of possible values - zero to 
s
1.00. This range in R g values is illustrated in the photo of 
Figure 23. Eleven scarp sites, in total, were sampled along 
this scarp segment. The alluvium/colluvium comprising the 
scarps at these sites was derived from the Pennsylvanian/ 
Permian to Late Tertiary rock units of the Tobin Range. Of 
these 11 sample soils, four were derived from limestone 
(PV-2, 3, 4, 5), three from volcanic rocks (PV-6, 7, 10), 
three from chert, with, or without, quartzite (PV-8, 9, 11), 
and one from an obvious composite source (PV-1). The soils 
showing an abundance of limestone clasts were probably 
derived from the Triassic limestone formations which outcrop 
in much of the southern half of the study area. Volcanic 
soil samples PV-6 and PV-7 were clearly derived from the 
Tertiary basalt and tuff units, respectively, in the vicinity 
of Golconda Canyon. The other volcanigenic sample, PV-10 is 
probably a product of weathered Triassic Koipato Group 
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Figure 23. Variations in scarp morphology and soil composi­
tion along a segment of the Pearce fault scarp. 
The arrow on the left points to sampling site 
PV-1 where the Rs value is 0.76 and the soil is 
composed of both chert and limestone detritus. 
The arrow on the right points to a scarp site 
(not sampled) where the Rs value is zero and the 
material type is limestone.
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sedimentary sequence may have been the source for the rounded 
chert pebbles found in sample PV-8 and PV-9. The other chert 
sample (PV-11), which contains an equal number of quartzite 
clasts is, in large part, derived from Havallah Formation 
rocks. One of the samples (PV-1) could not be linked to a 
specific source rock and was therefore categorized as a 
composite sample.
Only one of the samples, PV-6, exhibited a truly fine 
grained texture. The remainder of the samples had a 
significant percentage of pebble and cobble size clasts 
supported by a generally fine grained matrix.
The Central Owens Valley Fault Zone and the Lone Pine Study
Area
Historical Account of the Owens Valley Earthquake of 1872
On March 26, 1872, at about 2:30 a.m., Owens Valley was
struck by one of the largest earthquakes in historic time for 
the western United States (Oakeshott, 1972). Based on the 
amount of structural damage in the Owens Valley area and 
surrounding areas, a Modified Mercalli intensity of X was 
assigned to the epicentral area of the 1872 earthquake. A 
later evaluation of the 1872 earthquake in light of the 
surface effects and felt areas of modern earthquakes would 
support an 8.3 Richter magnitude for the earthquake. The 
earthquake was felt over an area that included most of 
California, Nevada, Oregon and Arizona. Ground shaking was
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also reported as far away as Salt Lake City. In the 
epicentral area, Lone Pine and Independence, the toll on 
lives and buildings was devastating. A total of 27 people 
died as a result of the earthquake, and essentially all of 
the masonary (adobe) structures were destroyed. Structural 
damage, although relatively minor, occurred as far away as 
Chico, California.
The Central Owens Valley Fault Zone
Surface displacements during the 1872 Owens Valley 
earthquake occurred over almost the entire length of the 
Central Owens Valley fault zone. This zone is a, more or 
less, continuous assemblage of dip-slip and oblique slip 
faults which trends roughly N15W for about 75 miles from 
Haiwee Reservoir on the south, to slightly north of Big Pine 
(Figure 14). The sense of displacement for individual faults 
within this zone is mainly controlled by the orientations of 
these faults relative to the zone axis. Surface faults with 
northwest-southeast trends typically exhibit right-oblique 
offset, whereas, those with northeast-southwest to east 
trends exhibit left-oblique offset (Carver, 1970). Dip-slip 
displacement, on the other hand, is largely limited to faults 
with north-south to slightly northeast-southwest trends.
Late Quaternary surface features along this one to three mile 
wide zone include long linear scarps with numerous en-echelon 
branches and ramps, grabens of various size and shapes, 
sinuous dip-slip and oblique-slip faults, and intensely
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sheared areas associated with conjugate sets of oblique-slip 
faults (Carver, 1970).
The sense of lateral displacement for the Central Owens 
Valley fault zone as a whole, particularly during the 1872 
earthquake, has been a controversial issue for many years. 
Such is a consequence of the generally imprecise accounts of 
the lateral displacements shortly after the 1872 earthquake. 
Literature by Whitney (1888), Gianella (1959) and Pakiser 
(1964), support a left-lateral component of the oblique-slip 
displacement along the fault zone. The opposing view, in 
support of a right-lateral displacement component, is held by 
Hobbs (1910), Bonilla (1968), Slemmons (1972), Richardson 
(1975), and Lubetkin (1980). Although this debate is, in a 
sense ongoing, the evidence appears to be overwhelmingly in 
favor of a right-oblique slip sense of displacement for the 
Central Owens Valley fault zone.
The Lone Pine Fault
Associated with the main trace of the Central Owens 
Valley fault zone are numerous "secondary” faults (fault 
scarps) with lesser lengths and displacements than the main 
trace. One of the most prominent and well studied of these 
secondary faults transects the Lone Pine fan approximately 
3/4 mile west of the town of Lone Pine (Figure 24). This 
fault, herein referred to as the Lone Pine fault, is 
represented by a roughly continuous group of en-echelon, 
left-stepping, fault scarps which form a arcuate trace across
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Figure 24. Aerial view of the Lone Pine fault scarp. The
pronounced curvilinear feature east of the fault 
scarp is the Los Angeles Aqueduct (photograph 
courtesy of Dr. D .B .Slemmons).
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Explanation
-  Q n  -
Holocene alluvium, mainly 
sierran debris Contact, dashed where inferred
Holocene colluvium/alluvium 
derived from Allabama Hills Fault scarp, hachure on downthrown side
Tioga (?) glacial outwash, 
sierran debris Position of abandoned stream channel
Triassic metavolcanic 
bedrock Los Angeles Aqueduct
Figure 25. Geologic map of the Lone Pine fan, Inyo County, California, 
showing the Lone Pine fault scarp (modified from Lubetkin, 1980).
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the Lone Pine fan. Beginning just west of the intersection 
of Lone Pine Creek and the Los Angeles Aqueduct, these scarps 
project almost due north for about 0.9 mile (Figure 25).
Although these scarps, collectively called the Lone Pine 
scarp, formed as a result of right—oblique displacement along 
the Central Owens Valley fault zone, only the dip-slip 
component is plainly obvious. This component attains a 
maximum value of 23 feet in the central portion of the scarp 
(Oakshott, 1972). For many years, it was assumed that the 23 
feet of vertical offset was entirely the result of the 1872 
earthquake. Slemmons (in Oakeshott, 1972), and Lubetkin 
(1980), have shown, however, that the Lone Pine scarp is a 
composite scarp resulting from three faulting episodes. The 
most recent faulting episode which occurred in 1872, produced 
a steeply inclined colluvial face at the base of the 
composite scarp. The actual 1872 dip-slip displacements for 
the southern half of the Lone Pine scarp, as measured in this 
study, range between 6.0 and 10.0 feet. This range overlaps 
nicely the estimate of 8 to 10 feet obtained by Slemmons 
(verbal comm.). Lubetkin (1980), on the other hand, measured 
1872 dip-slip displacements for the entire Lone Pine scarp in 
the 1.6+0.4 meters (5.2 + 1.3 feet) spread. While the lower 
limit vertical displacement given by Lubetkin is probably 
justified, the upper limit value is believed by this author 
to be too low. Thus, the 1872 dip-slip displacement for the 
Lone Pine scarp probably ranges between 4 and 10 feet.
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Lubetkin also estimated right-slip displacement components in 
the 6.4+0.5 meters (21.0+1.6 feet) spread for the Lone Pine 
scarp. The lower limit for this spread is a little higher, 
but, still in good agreement with the 16 foot estimate listed 
in Oakeshott (1972).
The other two faulting events are represented by 
relatively abrupt changes in slope above the inferred crest 
of the 1872 scarp. These two scarp surfaces have been 
assigned ages of 5,000 and 10,000 years b.p. (see Fault Scarp 
Dating section). For reasons previously mentioned, the 
orignial dip-slip displacements for these faulting events 
could not be determined. As such, only the projected dip- 
slip displacements for these scarps are listed in Table IV. 
The Lone Pine Study Area
Although the Lone Pine fault scarp is nearly 0.9 miles 
long, all of the scarp profiling and sampling was done along 
a 0.4 mile section of the scarp stretching from its southern 
terminus to just north of the northernmost abandoned creek 
crossing (Figure 26). Seven scarp sites were studied in this 
section, the locations of which are shown in the above- 
mentioned figure. The net dip-slip displacements at these 
sites range between 9.0 and 16.5 feet, while the 1872 dip- 
slip displacements range between 6.0 and 10.0 feet. The R g
values from the 1872 scarp segments vary from zero to 0.65, 
with the principal (maximum) slope angles falling in the 31°- 
72° spread. The maximum slope angles for the 5,000 and
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Figure 26. Map of the Lone Pine fault scarp, showing locations of 
sampling sites and reference features (modified from Lubetkin, 1980).
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10,000 years b.p. scarp surfaces at these sites fall in the 
14 —24 , and 7 —11 , spreads, respectively.
Six of the seven Lone Pine sampling sites are in glacial 
outwash colluvium. This material is entirely granitic, and 
consists of a matrix of predominantly sand size grus 
supporting a population of boulders which are, on the 
average, 1 to 3 feet in diameter. The matrix alluvium has a 
fairly uniform texture along the scarp, and occassionally 
shows strong cementation. Most of the granitic boulders have 
porphyritic textures, and exhibit Grade I to Grade III 
weathering depending on their positions relative to the 
various age bevels.
The single sampling site which is not in glacial outwash 
colluvium is LP-7 . This scarp is composed mainly of clasts 
of Triassic metavolcanic and metasedimentary rock from the 
Alabama Hills. While this material is colluvial in nature, 
it contains few, if any, boulders comparable in size to those 
found in the granitic colluvium. Most of the clasts are less 




TESTING METHODS FOR SOIL PROPERTIES 
Direct Shear Tests
Sample Preparation - The block samples shown in Figure 27 
were split into three nearly equal samples with an exacto 
knife. Two of the cleaved samples were set aside for the 
bulk density tests, while the third was used for the shear 
tests. The shear sample was then carved into seven 
approximately 1 inch by 2 inch specimens. As the casting 
compound (sulfaset) contains a large volume of water after 
appropriate mixing, the shear specimens were covered with a 
single coating of wax by immersion in a bath of paraffin wax 
heated to 140°F (60°C). At this temperature, the wax is too 
viscous to penetrate fine soil voids (Black, 1965).
On the whole, the alluvial/colluvial scarp soils 
possessed textures which made carving of the specimens to the 
dimensions of the specimen box of the shear apparatus next to 
impossible. For this reason, the shear specimens were cast 
in sulfaset by means of plexi-glass molds (Watters, 1972).
The molds were made from 1/8 inch thick by 1-5/8 inches wide 
plexi-glass strips bent into square forms having the 2 inch 
by 2 inch interior dimensions of the specimen box of the 
shear apparatus. Two features of the molds - the lack of a 
base plate, and one non-bonded corner - allowed for easy 
removal of the cast specimens from the molds.
The casting procedure was begun by placing clamps on the
B
Figure 27. Typical fine grained (A) and coarse grained (B) 
soil samples from the Dixie Valley and Fairview Peak study areas.
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sides of the molds where the free corners were exposed. The 
basal edges and interior surfaces of the molds were greased, 
and the latter were placed on a glass plate. The specimens 
which had been coated with wax were then set inside the 
molds. Approximately equal quantities of water and sulfaset 
were mixed together, and the resulting cement was poured into 
the molds to the midpoint height of the specimens. After a 
period of about one hour, the molds were lifted from the 
glass plate, the clamps were removed, and the specimens were 
pushed out of molds. Excess grease was wiped off of the 
specimen casts, and the specimen numbers were written on the 
bottom of each cast. The greased molds were again placed on 
the glass plate, and sulfaset was poured into the molds to a 
predetermined height. The inverted specimens were pushed 
back into the top of the molds until meeting the interior 
mold flanges which were designed to allow for a 1 / 8 inch 
specimen gapping (Figure 28A). Following an additional one 
hour period, the cast specimens were removed from the molds, 
and excess grease was wiped off of the cast surfaces. The 
cast specimens were then set aside for later shearing.
Testing Procedure
[Bowles, (1978), and ASTM D-3080-72]
All of the shear tests were performed on a Soiltest 
Model D190 soil shear frame. The only modification to the 
shear frame was in the application of normal loads to the 
shear specimens, wherein, a simple suspended weight system
Figure 28. A) The direct shear frame B) The casting method 
used for the direct shear specimens.
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was used for the normal loading of specimens instead of the 
conventional lever arm system (Figure 28B). As previously 
mentioned, a total of seven specimens were cast for each 
sample locality. Two of these specimens were sheared in the 
absence of normal load in order to determine the cohesive 
strength of the sample, while the remaining five specimens 
were sheared under five different normal loads for the 
purpose of determining the peak and residual friction angles.
The cast specimens were first placed in the bottom half 
of the shear box of the shear apparatus. Typically, the 
specimens exhibited some degree of play inside the shear box.
In order to avoid the presence of appreciable tensile 
stresses during shearing as a result of sample rotation, thin 
plastic strips were inserted into these gaps. The upper half 
of the shear box was then placed over the specimens with the «
spacing screws adjusted to 1/16 inch. The gapping problems 
in the upper portion of the shear box were accomodated by 
means of thin paper strips which were bent so as to drape 
over the edge of the upper surfaces of the cast speimens.
The shear test was begun at this point for the cohesive 
strength specimens (zero normal load) by advancing the 
proving ring assembly against the platen of the upper half of 
the shear box. Throughout the shear test the strain control 
dial of the shear frame transmission box was set at 7 which 
resulted in a shear displacement of 0.07 in/min. At the 
moment of specimen failure, the shear load value was read
from the proving ring and the entire proving ring assembly 
was backed away from the upper half of the shear box. With 
the exception of applying normal laods to the specimens, the 
same basic procedure was followed for the remaining five 
samples from each site. Normal loads were applied to the 
specimens by means of a loading block, a vertical load yoke, 
and a weight rack which could handle several large weights. 
The normal loads on the samples ranged between 3.3 lbs. and 
40.2 lbs., with the loading increments varying between 4 lbs. 
and 6 lbs. depending on the inferred strengths of the 
samples. In addition to determining the peak shear strength 
values for each load increment, the residual shear strength 
values were obtained by allowing the shear displacement to 
continue well past the peak value. In so doing, one would 
see a steady decline in the shear load value as read from the 
proving ring, until ultimately leveling-off at the residual 
value. This value was not always obtained in the initial 
shearing run, however. Consequently, as many as three 
additional shear tests were performed on the same sample to 
determine the residual value.
For the most part, the scarp soils showed little, if any 
stratification, and thus, were sheared in a randomly oriented 
manner. The exceptions to this generality were two slate- 
derived soils which exhibited layering, or imbrication, of 
slate clasts. In order to investigate the effect of soil 
structure anisotropy on shear strength, these soils were
90
91
sheared in directions parallel and perpendicular to the 
imbrication.
Once the shear testing had been concluded, the specimens 
were weighed for use in normal load determinations, and the 
specimen cross-sectional areas were sketched on tracing paper 
for later planimetering.
Soil Classification Tests 
Grain Size Analysis 
[Bowles, (1978), and ASTM D422-63]
Grain size analysis materials were sampled so as to be 
representative of each sampling site. Either handfuls of 
soil, in the case of weakly consolidated soils, or solid 
clumps of soil, in the case of strongly cohesive soils, were 
removed in a random manner from the free face portions of the 
scarps and placed in sampling bags. Once in the lab room, 
the soil samples were mixed thoroughly and a portion of each 
sample was selected for the grain size analysis. The amount 
of soil used in the grain size analysis is a function of the 
maximum clast size; for a soil possessing a maximum clast 
size of 3/8 inch, one would need approximately 500 g of 
material, while for one with a maximum clast size of 2 
inches, at least 4,000 g of material would be required. The 
air dry grain size analysis samples were then weighed and 
placed in an oven adjusted to 110°+5°C overnight. The 
following day, the samples were removed from the oven,
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allowed to cool down slightly, and reweighed. At this point, 
the samples were washed through a No. 200 sieve (0.075 mm).
As the majority of the soils sampled had a significant 
percentage of soil particles larger than the No. 4 sieve 
(4.75 mm), the samples were commonly washed through a No. 10 
sieve (2.00 mm) first, so as to avoid damaging the No. 200 
sieve. The portions of the samples retained on the No. 10 
and No. 200 sieves were then backwashed into their original 
containers and returned to the oven overnight. The samples 
were removed from the oven the next day and again weighed. 
Based on the weights before and after washing, the -200 
percentages for the samples were determined. With the 
completion of the washing procedure, the samples were ready 
for the main sieving operation of the grain size analysis. A 
sieve stack consisting of No.'s 4, 10, 20, 40, 80, 140 and 
200 sieves was selected at this point for the sieving 
operation. Clasts larger than the No. 4 sieve were manually 
sieved with 3/8 inch, .525 inch, 3/4 inch, 1 inch and 1.5 
inch sieves. The oven dried +200 and -3/8 inch soil fraction 
was then poured into the uppermost sieve (No. 4 sieve) of the 
sieve stack, and the lid was pressed onto the top of the 
stack. The sieve stack was secured within the support frame 
of a Ro-Tap Sieve Shaker, and the machine was turned on.
After a ten minute sieving period, the sieve stack was 
removed and the individual sieves including retained soil 
fractions were weighed. The percent passing each of the
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sieve sizes was calculated, and a grain size analysis plot of 
percent passing vs. grain size was drawn up for each sample. 
Atterberg Limits
[Bowles, (1978), ASTM D423-66 and D424-59]
Liquid Limit - A portion of each of the loose air dried soil 
samples described in the grain size analysis section was 
passed through a No. 40 sieve (0.425 mm) until a total of 
200-250 grams of -40 material had been collected. With the 
aid of a spatula, the -40 fractions for each sampling site 
were mixed with distilled water in a porcelain dish to a 
uniform color and a smooth texture. At the point where it 
was judged that enough water had been added to the mixtures 
to yield a blow count of 50 or above, the samples were placed 
in a humidity chamber and allowed to soak overnight. The 
following day, one of the samples was removed from the 
chamber, and a 20-30 gram pea of this material was scooped 
out and set aside for the plastic limit test. More water was 
added to the original mixture until its consistency was such 
that 30 to 40 blows would have been required to close the 
standard groove. A quantity of soil at this water content 
was then removed from the porcelain dish and placed in the 
brass cup of the liquid limit device. The soil was gently 
pressed into the base of the cup and the upper surface 
smoothed with the spatula. Excess soil was removed from the 
soil pat, and by means of an A.S.T.M. standard grooving tool, 
a groove was made so as to completely divide the soil pat
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into two equal halves. Immediately following this step, the 
blow count was performed. The number of blows required for 
the 1 / 2 inch closure was recorded, after which, a 40-50 gram 
soil sample was removed from the area of closure and placed 
in a tared weighing tin. The tin and sample were weighed and 
set inside the lab oven (110°C+5°C) to dry overnight. Soil 
remaining in the brass cup of the liquid limit device was 
scooped out and reblended with the original mixture contained 
in the porcelain dish. The entire process was then repeated 
for soil-water cons istancies in the 25-30, 20-25 and 15-20 
blow count ranges, more water being added each successive 
time to reach the desired interval. Data obtained from the 
following days' dry soil weighings, combined with already 
recorded wet soil data, was used to determine water contents 
for each blow count. From the plot of these data points, the 
liquid limit was determined.
Plastic Limit — The 20-30 gram pea of wet soil, which had 
been set aside earlier, was broken into several smaller sub­
rounded pieces. Each piece of wet soil was then rolled 
between the fingers and a frosted glass plate into a uniform 
diameter thread. As soon as the diameter of the soil thread 
had been worked down to about 1/8 inch (3 mm), the thread was 
broken into several pieces, re-formed into several balls, and 
re-rolled. This process was repeated until the threads 
crumbled under the pressure of rolling before reaching a 1 / 8  
inch diamter. The threads were then placed in two weighing
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tins, and the wet soil weights were determined. Following 
the weighings, the tins were placed in the lab oven 
(110° C+5 0 C ) to dry overnight. The plastic limit was then 
determined from the weight of water driven off in the drying, 
and the weight of dry soil.




The 15-bar moisture retentivity test was used for the 
clay content determinations of the soils sampled in the three 
study areas. Empirically, it has been found that for Nevada 
soils the clay content is approximately equal to 2 . 2 times 
the 15-bar moisture content. The main advantage of the 15- 
bar moisture retentivity test over other clay content 
determining methods is in the fact that the test results are 
not affected by the amount of precipitated salts, or organic 
matter, in a particular soil. Such is important in desert 
environments where evaporite deposits are ubiquitous. The 
hydrometer test, on the other hand, which is dependant on 
adequate dispersion of soil particles for good results, is 
greatly affected by the amount of dissolved salts.
The 15-bar moisture content is obtained through the use 
of a ceramic plate pressure extractor (Figure 29). This 
device basically consists of a pressure chamber and three 
porous ceramic plates backed with rubber sheets and equipped
Figure 29. The pressure chamber, ceramic plates, catchment 




with outlet tubes. When the chamber pressure is raised above 
atmospheric pressure pore water from saturated soil samples 
placed on the porous ceramic plates flows through the soil 
structures and porous plates and exits the chamber through 
the outlet tubes. Although any pressure differential will 
cause this outflow, the clay content is based on a 15-bar 
chamber pressure. The flow of pore water from the outlet 
tubes is initially high, but, tapers off steadily. After a 
period of typically 18 to 24 hours, the flow of water ceases 
and equilibrium is reached. Equilibrum is defined as the 
point where the surface tension of the pore water exactly 
supports the chamber pressure.
P rocedure
Approximately 50 g of -10 soil separate, enough for two 
runs at 25 grams each, was obtained for each of the loose 
soil samples and set aside for the 15-bar moisture test. The 
three porous ceramic plates of the extractor were immersed in 
a bath of distilled water and allowed to soak overnight. The 
following day, the saturated ceramic plates were tested for 
leaks by applying a pressure differential across their water 
covered surfaces by means of the 15—bar pressure chamber and 
monitoring the outflow of water and air. A leak can be 
assumed if the outflow of air through the ceramic plate, once 
all of the plate water has been conducted through, exceeds 
1/10 ml per minute. The soil samples were then mixed well, 
divided into equal portions, and poured into 1 cm high rubber
With the aid of arings seated on the ceramic plates, 
spatula, all of the soils were gently packed down to the same 
heights just slightly below the heights of the rubber rings. 
The ceramic plates and soil samples were then soaked in 
distilled water for a 16 hour period. Following this 
saturation period, the ceramic plates were placed inside the 
pressure chamber, the outflow tubes were connected, and the 
chamber was pressurized to 15-bars. In order to monitor the 
outflow of water, and hence judge the point of equilibrium, 
the outflow tubes were connected to burettes. The majority 
of samples tested showed a cessation of outflow (equilibrum) 
in 24 hours of less. At the equilibrium point, the air 
pressure was released, and the samples were placed in a tared 
weighing tin and set inside a laboratory oven (110°C+5°C) 
overnight, and reweighed the next day. A total of 13 
samples, each duplicated, could be tested during each test 
run. As a result, three test runs were required to determine 
the 15-bar moisture contents for all of the samples. Lastly, 
the clay contents were approximated by averaging the two 15- 
bar moisture contents for each sample, and multiplying by 
2 .2 .
Bulk Density Determination 
[Black, (1965)]
The two soil samples from each sampling site which had 
been cut from the original soil blocks and set aside
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previously, were weighed at air dry moisture content on a 
triple beam balance capable of +0.1 g accuracy. The samples 
were then coated with wax by immersion in a bath of paraffin 
wax heated to 140°F (60°C) and reweighed. In order to 
determine the volume of the samples, the latter were weighed 
in water. The apparatus used for this purpose consists of a 
3 >000 g capacity triple beam balance seated on a bench, a 
wire mesh weighing basket linked to the scale by a metal 
cable, and a water basin (Figure 30). As soon as the 
weighing basket had been tared, the wax coated samples were 
placed individually into the weighing basket and the buoyant 
weights were determined for each. The bulk density samples 
were broken open and a water content sample was removed, 
weighed, and placed in an oven (110°C+5°C) overnight. From 
the moisture content and weight of the air dry sample, the 
oven dry weight was computed by means of the equation shown 
below.
Wad = Wod1 + (P/100) where: W0j = oven-dry sample weight
Wa(j = air-dry sample weight 
P = percent water
Lastly, the oven dry bulk density was computed for each of 
the samples by means of the following equation:
1 0 0
Figure 30. The apparatus used in the bulk density tests.
1 0 1
_________ dwWpd____________
Wadp “ Wadpw “ ^ p dw^dp)
where: dw - density of water at temperature
of determination
Wadp = weight of air-dry sample plus 
paraffin coating
Wadpw = bouyant weight of air-dry sample 
plus paraffin coating
Wp = weight of paraffin coating
dp = density of paraffin (0 . 9 g/cc)
Slaking Test
This test is designed to show whether a soil is cemented 
or not. When placed in water, a noncemented intact soil 
sample will decompose, or slake, as a result of clay 
swelling. A truly cemented soil will resist slaking for an 
extended period of time.
Two one inch diameter equant chunks of soil were cut 
from the sample blocks obtained from each scarp site. Each 
chunk was placed in a 250 ml beaker filled to a predetermined 
height with distilled water, and the sample slaking 
characteristics were observed for a one minute time interval. 
The result was recorded as either positive, meaning that 
slaking occurred, or negative, meaning that slaking did not
1 0 2
occur. Those samples which were still intact after the one 
minute slaking period were left immersed for an additional 
four minutes. If the soil chunk had not slaked during this 
period, it was removed from the beaker and gently compressed 
between the fingertips to failure. Strongly cemented soils 
would pop, or exhibit a very abrupt failure, whereas, weakly 
cemented soils would progressively collapse.
Acid Test
This test is designed to reveal the presence/absence of 
carbonate in a soil. Several drops of 10% HCL solution were 
applied to each soil sample with an eyedropper. The reaction 
was recorded as strong, weak, or none.
1 0 3
CHAPTER VI
RESULTS OF SOIL PROPERTY TESTING AND THEIR IMPACT ON SCARP
MORPHOLOGY/AGE
Dixie Valley/Fairview Peak Study Areas 
Direct Shear Tests
Discussion of Test Results - The shear test results for the 
Dixie Valley and Fairview Peak study areas are shown in Table
11. From this table it may be seen that all of the samples, 
with the exception of FP-1 (C=24.3 p.s.i.), possess cohesive 
strengths in the 2.9 p.s.i. to 14.1 p.s.i. range. 
Additionally, the peak friction angles have values between 
39.4° and 59.3°, while, the residual friction angles fall 
within the 29.9° to 33.3° spread.
The scarp soils sampled in this study area have been 
divided into five lithological categories on the basis of 
gravel-boulder compositions, and include: granitic; slate-
derived; limestone-derived; volcanigenic; and composite soils 
(two, or more, lithologies). The five granitic soils sampled 
along the Dixie Valley fault scarp (DV-3, 4, 5, 13, 14) 
possess cohesvie strengths in the lower third of the above- 
mentioned range, between 2.9 p.s.i. and 5.8 p.s.i., and 
friction angles covering most of the spread at between 39.4 
and 54.8°. Combining the data from the randomly and 
preferentially sheared slate-derived samples (DV-9 , 10, 11,
12, 15) one sees cohesive strengths between 5.0 p.s.i. and 
14.1 p.s.i., and peak friction angles between 46.0° and






















DV-1 11.0 11.0 1.00 Composite 12.4 58.9/30.6 106.7 SC 27.8/7.8 12.1
DV-2 12.5 7.0 0.56 Composite 6.0 51.3/29.2 107.3 SC 6.5
DV-3 14.5 1.5 0.10 Granite 2.9 39.4/30.3 91.1 SM 20.0/0.0 10.7
DV-4 13.5 2.5 0.19 Granite 3.4 41.2/30.1 97.3 SM 10.3
DV-5 9.5 5.0 0.53 Granite 5.0 46.9/30.4 102.6 SM 18.0/1.2 13.0
DV-6 10.5 6.0 0.57 Limestone 6.9 44.0/29.9 103.9 GC 31.2/8.3 9.9
DV-7 4.2* 1.7* 0.40 Limestone 5.2 43.0/30.6 93.6 SM 21.0/2.6 15.0
DV-8 4.5 2.5 0.56 Limestone 5.1 48.4/30.7 101.1 SM 18.2/0.0 13.2
DV-9a 4.5 4.5 1.00 Slate 4.8 56.4/30.9 114.8 GM 21.0/2.3 4.8
DV-9b 4.5 4.5 1.00 Slate 11.6 59.3/30.5 114.8 GM 21.0/2.3 4.8
DV-10 6.0 5.0 0.83 Slate 10.5 51.0/31.0 112.0 GM 7.5
DV-11 9.0 4.5 0.50 Slate 5.0 46.0/31.7 102.4 GM 6.2
DV-12 8.0 6.0 0.75 Slate 7.8 48.3/30.7 109.8 GM 21.2/1.4 5.2
DV-13 10.5 4.0 0.38 Granite 4.4 48.7/30.3 101.3 SM 11.5
DV-14 7.5 5.0 0.67 Granite 5.8 54.8/30.6 107.6 SM 6.4
DV-15a 13.0 8.0 0.62 Slate 4.8 55.7/30.4 105.5 GM 6.4
DV-15b 13.0 8.0 0.62 Slate 14.1 57.4/31.2 105.5 GM 6.4
FP-1 8.0 8.0 1.00 Volcanic 24.3 58.9/30.6 112.9 GM 23.1/0.3 5.4
FP-2 12.0 8.0 0.67 Volcanic 8.6 52.2/30.9 103.6 GM 4.8
"a" = soil specimen oriented parallel to imbrication * = scarp measured to nearest 0 .1 ft.
"b" = soil specimen oriented perpendicular to imbrication
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59.3°. The cohesive strengths and peak friction angle ranges 
for the three limestone samples (DV - 6 , 7, 8 ) are,
respectively, 5.1-6.9 p.s.i. and 43.0° - 48.4 0 .■ Of the two 
volcanigenic soils sampled along Fairview Peak scarp (FP-1, 
2), one yielded a cohesive strength of 24.3 p.s.i. and peak 
friction angle of 55.2°, while the other sample yielded a 
cohesive strength of 8 . 6 p.s.i. and peak friction angle of 
52.2°. The stronger of the two composite soils, PV-1, has a 
cohesive strength of 12.4 p.s.i. and peak friction angle of 
58.9°, while the weaker, PV-2, tested out at a 6.0 p.s.i. 
cohesive strength and a 51.3° peak friction angle.
Although considerable overlap exists between the shear 
property ranges for the five lithologic soil types, some 
characteristic shear properties may be associated with 
specific lithologies. With the exception of one high value, 
all of the peak friction angles for the granitic soils are 
less than 48.7°, while the peak friction angles obtained from 
the slate samples commonly exceed 50°. Such makes sense in 
light of the fact that all of the granitic soils are 
classified as silty sands (SM) with grain size modal highs in 
the No. 10 to No. 40 sieve sizes, whereas, the slate samples 
are all silty gravels (GM) with grain size modal highs in the 
No. 4 to 0.525 inch sieve sizes. The cohesive strengths are 
not as readily correlated with soil lithologic types. This 
is due to the fact that the cohesive strength of a soil is 
not a function of grain size, but rather, cementation and
1 0 6
clay content.
Relationship Between Shear Properties and Fault Scarp 
Morphology
As stated in the abstract, one is faced with evaluating
the soil properties which give rise to the often abrupt
change in free face/scarp height ratio, R , along faults
scarps. Such a change is exemplified in Figure 31 and Figure
32. Fault scarp site DV-4 (Figure 31) has a R value ofs
0.10, and DV-5 (Figure 32) has a R value of 0.53. Thes
disparity in these Rg values is mainly a function of their 
cohesive strengths, which stand at 2.9 p.s.i. for DV-4 and 
5.0 p.s.i. for DV-5.
When the cohesive strengths (C) were plotted against the
free face/scarp height ratios (Rg), the plot shown in Figure
33 was obtained. The trend of the plotted points reveals in
a broader sense the point that was made in the previous
paragraph. Thus, for increasing values of R , one seess
correspondingly higher soil cohesive strengths. This trend
is represented by the "best fit" regression line shown in the
plot as having the equation R = 0.087C. Furthermore, thes
correlation between the two parameters, C and Rg , is seen to 
be a strong one, as revealed by the 0.89 correlation 
coefficient. The regression line passes through the origin, 
as one would expect, and has a value of 1 1 . 6 p.s.i. at its 
intersection with the line Rg = 1.00. The significance of 
this upper value is that for fault scarps of this age (1954),
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FIGURE 31.A) PHOTO OF DIXIE VALLEY FAULT SCARP SAMPLING 
SITE D V-3.TH E SCARP IS 14.5 FT. HIGH WITH A 15 FT. 
FREE FACE ( Rs=O.IO). B) NORMAL STRESS VS. SHEAR 
STRESS FOR DV'3.
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FIGURE 32. A) PHOTO OF DIXIE VALLEY FAULT SCARP SAMPLING 
SITE DV-5.THE SCARP IS 9.5 FT. HIGH WITH A 5 FT. 
FREE FACE (Rs=0.53). B) NORMAL STRESS VS. SHEAR 




























RATIO FOR THE SCARP SOILS OF DIXIE VALLEY AND 
FAIRVIEW PEAK.
1 1 0
the scarp soils must possess a cohesive strength of this 
value, or greater, in order for 100% free face to exist. The 
uppermost portion of the regression line not only shows the 
straight line projection, but, also a curvilinear approach. 
Such was done because the actual approach of the regression 
line to the boundary Rg = 1.00 is unknown. The data points 
belonging to samples DV-1 and FP-1 were not included in the 
regression analysis because both samples possess cohesive 
strengths which exceed the minimum value required to maintain 
100% free face (Rg = 1.00).
The peak friction angles ( (J)̂) also correlate well with
the free face/scarp height ratio, Rg , for the scarp soils of
Dixie Valley and Fairview Peak, as shown in Figure 34. From
the trend of the plotted points, it is apparent that higher
peak friction angles are associated with higher R g values.
This linear relationship between the two parameters is
represented by the regression equation R = 0.041 d> -1.42.s Y P
The 0.87 correlation coefficient again points to the strong 
dependency of scarp morphology on the engineering properties 
of scarp soils.
Neither the cohesive strengths, nor the peak friction 
angles of the two slate-derived samples that underwent 
anisotropic shear testing were used in the regression 
analyses of the above-mentioned plots. Both of these samples 
showed slightly lower peak friction angles and substantially 




























PEAK FRICTION ANGLE, 0 p
FIGURE 34. PEAK FRICTION ANGLE VS. FREE FACE/SCARP HEIGHT 
FOR THE SCARP SOILS OF DIXIE VALLEY AND 
FAIR VIEW PEAK.
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perpendicular to it. Perpendicular to the imbrication,
sample DV-9 yielded a cohesive strength of 11.6 p.s.i. and a
peak friction angle of 59.3°. Parallel to the imbrication
sample DV-9 yielded a cohesive strength of 4.8 p.s.i. and a
peak friction angle of 56.4°. If one assumes that the
failure surface in this coarse soil is approximated by an
arc, or a gently curved diagional cut, as classical slope
stability theories purport, then the effective cohesive
strengths and peak friction angles for these two slate-
derived soils are probably somewhere in between the upper and
lower values given for each in this study. As a result of
this ambiguity, the anisotropic shear test results were not
incorporated in the regression analyses of the C vs. R or
s *
the <pp vs . Rg plots .
Bulk Density Determination
— -s-cussion of Test Results - The bulk densities for the Dixie 
Valley and Fairview Peak fault scarp soils shown in Table II 
vary between 91.1 lbs./ft . 3 and 114.8 lbs./ft3 . All of the
granitic soils, with bulk densities between 91.1 lbs./ft . 3
3
and 107.6 lbs./ft. , fall roughly into the lower half of this
spread. The three limestone-derived soils, which have bulk
densities of 93.6 lbs./ft.3 , 1 0 1 . 1 lbs./ft3 and 103.9 
3
lbs./ft. , also lie in this lower range. Overall, the slate- 
derived soils, possessing bulk densities in the 102.4-114.8
3
lbs./ft. range, occupy the upper half of the bulk density
spread. Although derived from the same volcanic source rock,
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sample FP 1 and FP 2 are at opposite extremes of the spread 
with values of 112.9 lbs./ft3 and 103.6 lbs./ft.3 , 
respectively. The two composite scarp soils, DV-1 and DV-2, 
possessing bulk densities of 106.7 lbs./ft . 3 and 107.3
3
lbs./ft. , respectively, are in the upper half of the bulk 
density spread.
Relationship Between Bulk Density and Scarp Morphology - In
an effort to evaluate the effect of bulk density ( Y ) onb
scarp morphology, the former was plotted against the free 
face/scarp height ratio, Rg (Figure 3 5 ) .  The linear grouping 
of the plotted points is expressed by the regression 
equation, R = 0 . 0 3 4 9  Y - 3 . 0 5 .  The 0 . 8 9  correlationS D
coefficient points to the strong interdependancy of the two
parameters. Much like the plot of cohesive strength (C) vs.
R , high bulk densities are associated with high R values.® s
Soil Classification Test Results
Based on the Unified Soil Classification System, and the 
results of the sieve analyses and Atterbergy Limits tests, 
seven of the Dixie Valley/Fairview peak scarp soils are silty 
gravels (GM:DV-9, 10, 11, 13, 15; FP-1, 2), seven are silty 
sands (SM:DV-3, 4, 5, 7, 8 , 12, 14), two are clayey sands 
(SC:DV-1, 2), and one is a clayey gravel (GC:DV-6 ). Five of 
the seven scarp soils classified as silty gravels are slate- 
derived, while the other two have volcanic lithologies. Five 
of the seven soils classified as silty sands are granitic, 
while the other two are 1imestone-derived. The two clayey
114
FIGURE 35. BULK DENSITY VS. FREE FACE /  SC ARP HEIGHT RATIO FOR 
THE SCARP SOILS OF DIXIE VALLEY AND FAIRVIEW PEAK.
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sands, are derived from composite source rocks. The only 
soil to be classified as a clayey gravel is most closely 
associated with limestone source rock.
The liquid limits for the scarp soils ranged from 18.0 
to 31.2, while the plastic limits varied between 16.8 and 
22.9. The highest liquid limits and platicity indices were 
obtained from the clayey sands and gravels, while the lowest 
values were obtained from the silty sands and gravels.
On the basis of the 15-bar moisture retentivity tests, 
the clay contents for the scarp soils varied between 4 .8% and 
15.0%. Not unexpectedly, the sandy soils showed the highest 
clay contents, while the gravelly soils showed the lowest 
clay contents.
The grain size distribution curves and liquid limit 
plots for granitic sample DV—5 and slate—derived sample DV—9 
are shown in Figure 36, and Figure 37, respectively. These 
two samples basically represent the textural extremes for the 
Dixie Valley and Fairview Peak study area.
Slaking Test Results
Only sample FP-1 resisted slaking during the one minute 
slaking period, and was still intact after five minutes.
Most of the other samples either decomposed immediately, or 
in less than 15 seconds. Therefore, only sample FP-1 may 
truly be considered cemented.
Acid Test Results
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F i g u r e  3 7 .  G r a i n  s i z e  d i s t r i b u t i o n  a n d  A t t e r b e r g  L i m i t s  f o rD i x i e  V a l l e y  s a m p l i n g  s i t e  D V - 9 .
and FP-2 showed no reaction to the 10% HCL solution. Soil 
sample DV-6 exhibited a weak reaction to the acid, mainly 
along thin calcareous veins. All of the remaining samples 
reacted strongly to the application of the acid solution.
Pleasant Valley Study Area
Direct Shear Tests
Discussion of Test Results — The shear property data for 
Pleasant Valley shown in Table III fall into a higher range 
of values than those for the Dixie Valley and Fairview Peak 
study area. The cohesive strengths (C) for the Pleasant 
scarp soils range between 10.0 p.s.i. and 42.8 p.s.i., while 
the peak friction angles ( (j) p) range between 49.2° and 56.9°. 
In general, the residual friction angles ( d> ) , which show a 
high of 31.9° and a low of 29.8° , do not differ signi­
ficantly from those obtained from the 1954 scarp soils.
Based on cobble and boulder lithologies, the scarp soils of 
the Pleasant Valley study area are derived from limestones 
(PV-2, 3, 4, 5), volcanic rocks (PV-6, 7, 10), chert and/or 
quartzite (PV-8, 9, 11), and composite sources (PV-1). The 
five limestone samples have cohesive strengths in the 12.7- 
42.8 p.s.i. spread, and peak friction angles from 49.2° to 
56.9°. Of the three volcanigenic soils sampled, two showed a 
cohesion intercept, while the other PV-4, was in a completely 
loose state in the field, and hence, showed only a residual 
friction angle of 30.0 upon testing. The two samples that





















PV-1 14.5 11.0 0.76 Composite 11.5 50.4/31.9 115.4 GM 8.3
PV-2 13.0 10.0 0.77 Limestone 21.8 56.9/30.5 122.9 SM 6.7
PV-3 19.5 14.5 0.74 Limestone 28.5 52.9/30.2 114.8 SM 24.3/3.3 13.5
PV-4 16.0 10.5 0.66 Limestone 14.9 51.0/30.8 109.2 SC 13.3
PV-5 8.5 8.5 1.00 Limestone 42.8 49.2/30.1 119.2 SC 14.2
PV-6 13.5 0.0 0.00 Volcanic 0.0 /30.0 CH 64.8/37.9 59.7
PV-7 13.5 11.0 0.81 Volcanic 10.0 49.3/31.4 119.2 GM 6.2
PV-8 15.0 5.5 0.37 Chert 17.0 55.7/31.2 108.6 SC 27.3/9.8 13.1
PV-9 15.5 14.0 0.90 Chert 31.0 54.3/30.3 121.1 SC 14.9
PV-10 20.0 16.0 0.80 Volcanic 29.3 53.9/29.8 111.7 SM-SC 31.2/5.2 15.7
PV-11 14.0 5.0 0.36 Chert 12.7 53.5/30.0 109.8 SC 26.2/7.0 14.1
119
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were cohesive, PV 7 and PV—10, yielded cohesive strengths and 
peak friction angles of 10.0 p.s.i. and 49.3°, and 29.3 
P • s • i • and 53.9 , respectively. The three chert and/or 
quartzite-derived samples possess cohesive strengths in the 
12.7-31.0 p.s.i. range and peak friction angles in the 53.5°- 
55.7 range. Having an abundance of both chert and limestone 
clasts, the single composite source sample, PV-1, has a 
cohesive strength of 11.5 p.s.i., and a peak friction angle 
of 50.4°.
Relationship Between Shear Properties and Fault Scarp 
Morphology
- As one may discern from an examination of the data chart
for the Pleasant Valley study area, high cohesive strengths
are associated with high free face/scarp height ratios (R )s
and vice-versa. An example of this condition is shown in
Figure 38. Scarp site PV-8 has a 0.37 R value, while sites
PV-10 has a 0.80 R value. This difference in the R valuess s
is made clear on the basis of contrasting cohesive strengths
- 17.0 p.s.i. for PV-8 vs. 29.3 p.s.i. for PV-10. A further
illustration of this point is given by the plot of Figure 39.
In this plot, the relationship between cohesive strength (C) 
and Rg is revealed for the Pleasant Valley scarps in the same
manner as was done for the Dixie Valley and Fairview Peak
scarps. Again one sees the positive slope, linear 
relationship between the scarp parameters. A regression 








































FIGURE 38. NORMAL STRESS VS. SHEAR STRESS PLOTS FOR
PLEASANT VALLEY SAMPLING SITES PV~8 8  PV“ 9.
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FIGURE 39. COHESIVE STRENGTH VS. FREE FACE /  SCARP HEIGHT 
RATIO FOR THE SCARP SOILS OF PLEASANT VALLEY.
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the equation - 0.028C, and a correlation coefficient of
0.97. The regression line extends from close to the origin,
to its point of intercept with the R = 1.00 line at 35.3s
p.s.i. For reasons discussed previously, this value 
represents the lower limit cohesive strength for scarps 
possessing 100% free face. Data from scarp sites PV-2 and 
PV—4 were omitted from the plot and regression analysis.
This was done because of the textural differences between 
these two samples (silty gravels) and the other samples 
(silty and clayey sands), and on the realization that soil 
properties other than cohesive strength (possibly bulk 
density) might play a larger role in determining the scarp 
morphology at these sites.
When the peak friction angles ( <j>̂ ) were plotted against 
the R g values, the result was a poor alignment of points and 
a low correlation coefficient. Such is probably due to the 
smaller sampling base of the Pleasant Valley study area 
relative to the Dixie Valley-Fairview Peak study area.
Bulk Density
Discussion of Test Results - The bulk densities for the soils
sampled along the Pleasant Valley fault scarp range between 
3 3108.6 lbs./ft. and 122.9 lbs./ft. . Unlike the Dixie Valley 
and Fairview Peak scarp soils, bulk density does not appear 
to be linked to specific lithologic types, as indicated by
3the 109.2-122.9 lbs./ft . bulk density spread for limestone-
3
derived soils, and the 108.6-121.1 lbs./ft. bulk density
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spread for the chert and/or quartzite-derived soils. This
observation is also supported by bulk density data from the
volcanigenic soils; one of the samples, PV-10, has a bulk
3density of 111.7 lbs./ft. , while the other, PV-7, has a bulk
3density of 119.2 lbs./ft. . The bulk density for the basalt- 
derived soil of sampling site PV-6 is not shown because the 
material was in a loose noncohesive state. As already 
mentioned, the bulk densities were caluclated from intact 
cohesive samples only.
Relationship Between Bulk Density and Fault Scarp Morphology 
- The relationship between bulk density and the free 
face/scarp height ratio, Rg , for the Pleasant Valley scarp 
soils is shown in Figure 40. The regression line given by 
the equation R g= 0.0376 Y^-3.58 given in the plot defines the 
statistical trend of the plotted points. Although the 0.82 
correlation coefficient is lower than the correlation 
coefficient for the Dixie Valley bulk density vs. R g plot, 
the mutually increasing trend of the two paramenters is 
plainly evident.
Soil Classification Tests
The grain size analysis and Atterberg Limits for the 
Pleasant Valley scarp soils indicate that five of the scarp 
soils are clayey sands (SC), two are silty sands (SM), one is 
a borderline silty-clayey sand (SM-SC), and one of the soils 
is a high plasticity clay (CH). Of the five soils classified 
as clayey sands (PV-4, 5, 8, 9, 11) three are derived from
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FIGURE 4 0 - BULK DENSITY VS. FREE FACE/SCARP HEIGHT
RATIO FOR THE SCARP SOILS OF PLEASANT VALLEY.
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limestone, and two from chert-bearing rocks. Both of the 
scarp soils classifed as silty sands (PV—2, 3) are associated 
with limestone source rock. One of the silty gravels (PV-1) 
is composed of rock fragments showing a wide range of 
lithologies (composite). The remaining silty gravel soil 
(PV-7), as well as the borderline silty-clayey sand (PV-10) 
and the high plasticity clay (PV-6), are derived from 
volcanic source rock.
The basalt-derived high plasticity clay is the only soil 
sampled from all of the study areas combined that truly meets 
the requirements of a fine grained soil. A photograph of 
this scarp site, and the plasticity chart plot for this soil 
are shown in Figure 41. The 64.8 liquid limit and the 37.9 
plasticity index for this soil are well above the liquid 
limits and platicity indices of the other Pleasant Valley 
scarp soils which fall in the 24.3-31.2 and 3.3-9.8 ranges, 
respectively. The soil from scarp site PV-3 is practically a 
textural opposite of the high plasticity clay. This sample 
has the lowest liquid limit and plasticity index of the soils 
that were tested. Figure 42 shows the grain size 
distribution and liquid limit plots for scarp soil PV-3.
Excluding the 59.7% clay content of the high plasticity 
clay, the clay contents for the remaining soils vary between 
6.2% and 15.7%. While this clay content range is comparable 
to that shown by the Dixie Valley and Fairview Peak scarp 
soils, the bulk of clay contents for the Pleasant Valley
127
Figure 41. A) Photo of Pleasant Valley fault scarp site PV-6. B) Plasticity 
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Figure 42. Grain size distribution and Atterberg Limits for 
Pleasant Valley sampling site PV-3.
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scarp soils are concentrated more near the top of the spread. 
Slaking Tests
Scarp soil samples PV-3 , PV-5, and PV-10 did not slake 
in the initial one minute soaking period, nor in the 
additional four minute soaking period. Moreover, all three 
samples failed in a brittle, or abrupt manner when 
compressed, thus indicating that the soils were cemented.
This result is not unexpected, however, as these three 
samples possess the three highest cohesive strengths of the 
Pleasant Valley scarp soils. The remaining scarp soils 
decomposed in 30 seconds, or less.
Acid Test
All of the scarp soil samples, with the exception of 
PV-9 and PV-10, showed strong reactions to the 10% HCL 
solution.
Lone Pine Study Area
Shear Tests
Discussion of Test Results - The cohesive strengths, and the 
peak and residual friction angles for the soils comprising 
the 1872 scarp surface, the 5000+2000 year old scarp surface, 
and the 10,000+2000 year old scarp surface of the Lone Pine 
fault scarp are shown in Table IV. The soils sampled along 
the 1872 fault scarp possess cohesive strengths ranging from 
3.0 p.s.i. to 100.7 p.s.i., and peak friction angles between 
37.4° and 59.5°. The 5000+2000 year old scarp surface is
Table IV. Data chart for the Lone Pine study area.
Samplp Apparent Projected Height Mean Y,
Number Height 70/80/90 Slope R S Cohesion <f>/(f)r
b
(feet) (feet) Angle (p.s.i.) p' r (p.c.f..
LP-1L 8.5 6.0/6.0/6.0 45 0.43 35.3 50.7/30.6LP-1M 2.0 1.5/1.5/1.5 18 28.9 45.4/31.0LP-1U 1.5 2.0/2.0/2.0 10 10.4 44.2/30.7LP-2L 11.5 8.5/8.0/8.0 46 0.62 22.0 58.1/31.0LP-2M 3.0 3.0/3.5/3.5 18 15.6 50.6/30.8LP-2U 1.5 2.0/2.0/2.0 9 2.4 43.4/30.1LP-3L 11.5 10.0/10.0/9.5 50 0.50 44.9 53.5/30.2LP-3M 2.0 1.5/1.5/2.0 17 38.4 57.7/30.5LP-3U 1.0 1.0/1.5/1.5 8 16.9 46.5/30.4LP-3F 4 5.9 49.9/30.0LP-4L 10.5 9.5/9.0/8.5 72 0.65 100.7 59.5/30.7 129.8LP-4M 5.5 4.5/5.0/5.0 24 14.2 37.5/31.4 119.2LP-4U 2.0 2.0/2.0/2.0 8 6.3 52.1/31.0 110.4LP-5L 11.0 10.0/9.5/9.5 63 0.62 44.5 56.1/30.6 127.3LP-5M 5.5 3.0/3.5/3.5 21 30.6 48.7/29.9 122.9LP-5U 2.0 3.0/3.5/3.5 11 4.4 42.2/30.7 109.2LP-5F 4 2.7 51.4/31.3LP-6L 9.0 7.0/7.0/6.5 41 0.00 3.0 39.2/30.5LP-6M 2.0 1.5/1.5/1.5 16 4.8 42.0/31.2LP-6U 1.5 1.0/1.0/1.0 7 4.7 49.1/30.4LP-7L 9.5 8.0/7.5/7.5 31 0.00 7.4 37.2/30.0LP-7M 1.5 1.5/1.5/1.5 14 3.3 45.5/30.5LP-7U 1.0 1.0/1.0/1.0 7 2.0 42.6/30.1
"L" = lower scarp surface (1872 scarp)
"M" = middle scarp surface (5,000 years b.p. scarp) 
"U" = upper scarp surface (10,000 years b.p. scarp) 
"F" = upper fan surface
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characterized by cohesive strengths which vary between 3.3 
p.s.i. and 38.4 p.s.i., and friction angles in the 37.5°- 
57.7° spread. The cohesive strength and peak friction angle 
ranges for the 10,000+2000 year old scarp surface are, 
respectively, 2.0-16.9 p.s.i., and 42.2°-52.1°. Two samples 
from the upper fan surface yielded cohesive strengths of 2.7 
p.s.i. and 5.9 p.s.i., and peak friction angles of 51.4° and 
49.9°, respectivley. The residual friction angles for the 
Lone Pine scarp as a whole range between 29.9° and 31.4°.
With the exception of sample LP—7, which is composed of 
metasedimentary detritus, all of the fault scarp sites are in 
granitic colluvium.
Relationship Between Shear Properties and Fault Scarp 
Morphology - Looking at the cohesive strengths and free 
face/scarp height ratios, R , for the 1872 fault scarp only, 
one sees a relationship comparable to those observed for the 
fault scarps of the Dixie Valley-Fairview Peak and Pleasant 
Valley study areas. This relationship is shown in Figure 43 
where the cohesive strength (abscissa) is plotted against Rs
(ordinate). Although two points have been omitted due to 
sampling biases, the trend of the plotted points is apparent 
and is defined by the regression equation Rg = 0.014C-0.07. 
This plot further supports the observance that the free 
face/scarp height ratio, R , is directly proportional to the 
cohesive strength. Thus, high Rg values are associated with 
high cohesive strengths, and low R g values are associated
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FIGURE 43. COHESIVE STRENGTH VS. FREE FACE /  SCARP
HEIGHT RATIO FOR THE SCARP SOILS OF LONE PINE.
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with low cohesive strengths. As is evident from the 
regression equation, the regression line does not pass 
through the origin, but, intercepts the y-axis at -0.07. Its 
intercept with the R = 1.00 line is 72.0 p.s.i., which is 
the lower limit cohesive strength for scarps of this age 
possessing 100% free face.
Relationship Between Shear Properties and Fault Scarp
Morphology/Age - When the cohesive strength vs. R g regression
line data for the 1954 Dixie Valley/Fairview Peak scarps, the
1915 Pleasant Valley scarps, and the 1872 Lone Pine scarp is
combined, one obtains the plot of Figure 44. The five curves
of this plot were generated from the three existing
regression lines by calculating the cohesive strengths
necessary to maintain certain Rg values. For example, the
curve labeled R = 0.20 was constructed from cohesives
strengths of 2.3 p.s.i., 7.1 p.s.i., and 19.2 p.s.i., which
are the values necessary to maintain 20% free face for the
1954, 1915, and 1872 fault scarps, respectively. These five
curves combined show the reduction in the R values with times
for scarps composed of alluvial/colluvial soils exhibiting a 
wide range of cohesive strengths. If, for example, a fault 
scarp were formed today in a semi-arid Basin and Range-type 
area, where the soil cohesive strength was 30 p.s.i., the R g
value would remain at 1.00 for about 60 years, thereafter 
falling to 0.80 in 70 years, 0.60 in 85 years, and 0.40 in 
105 years. From this illustration, it is apparent that one
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FIGURE 44 .E M P IR IC A L  RELATIONSHIP BETWEEN COHESIVE
STRENGTH, SCARP AGE AND FREE FACE /S C A R P  
HEIGHT RATIO FOR SCARPS POSSESSING A FREE 
FACE. FIGURES IN PARENTHESES INDICATE THE 
NUMBER OF YEARS REQUIRED TO REDUCE THE Rs 
RATIO TO THE VALUES SHOWN ON THE CURVES FOR 
A SCARP SOIL WITH A COHESIVE STRENGTH OF 30 PSI,
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may infer the age of a historic scarp on the basis of its Rs
value and the cohesive strength of the soil comprising it.
An illustration of this point is provided in the plot of 
Figure 44, such that, given a cohesive strength of 30 p.s.i. 
and a Rg value of 0.80, one may infer a scarp age of 70 
years. This latter application is, however, purely academic 
in the sense that tectonic activity over the historic period 
will be known for practically any region.
A broader examination of the Lone Pine scarp to include 
not just the 1872 scarp, but, also the 5,000 and 10,000 year 
old scarp surfaces, reveals a more practical realationship 
between cohesive strength and scarp age. Without plotting 
the actual numbers, one sees a steady decline in soil 
cohesive strength with increasing scarp surface age for all 
but one of the scarp sampling sites. The normal stress-shear 
stress plots for scarp sites LP-5 and LP-2, illustrating this 
point, are shown in Figure 45 and Figure 46, respectively.
The three normal stress-shear plots for LP-5 show that the 
cohesive strength drops from 44.5 p.s.i. for the 1872 scarp 
surface, to 30.6 p.s.i. for the 5,000 year old scarp surface, 
and finally to 4.4 p.s.i. for the 10,000 year old scarp 
surface. An additonal shear test was performed on the upper 
fan alluvium at this site which gave a 2.7 p.s.i. cohesive 
strength and a 51.4° peak friction angle. Figure 46 depicts 
the decay in cohesive strengths from 22.0 p.s.i., to 15.6 
p.s.i., and finally to 2.4 p.s.i., for the three different
*  A U X I L L A R Y  SCALE FOR RESIDU A L S H E AR TEST  D ATA.
FIGURE 45.NORMAL STRESS VS. SHEAR STRESS PLOTS FOR THE LOWER,MIDDLE AND UPPER
SCARP SOIL SAMPLES OF L P " 5. NOTE PROGRESSIVE DECLINE IN COHESIVE STRENGTH 






















-5(6 A(JX I LLARY SCALE FOR RESIDUAL SHEAR TEST DATA
FIGURE 4 6 .  NORMAL STRESS VS. SHEAR STRESS PLOTS FOR THE LOWER, MIDDLE AND UPPER 
SCARP SOIL SAMPLES OF LP~2. NOTE PROGRESSIVE DECLINE IN COHESIVE 




A) The Lone Pine fault scarp at sampling site LP-5





age fault surfaces of sampling site LP-2. The fault scarp at 
LP 5, as well as a close up of this scarp's colluvial 
texture, are shown in the photographs of Figure 47.
The relationship between cohesive strength and fault 
scarp age for the seven Lone Pine sampling sites is shown in 
Figure 48. Scarp age in years on a logarithmic scale 
(abscissa) has been plotted against soil cohesive strength 
(ordinate). These curves graphically show the reduction in 
cohesive strength with increasing scarp age. Each curve has 
been labeled according to sampling site and "parent" cohesive 
strength, Cq . A s defined in this paper, Cq is the original, 
or "parent" cohesive strength of a soil, which has not been 
affected by weathering or soil development. For most 
historic scarps, where the soil is at least moderately 
indurated, the cohesive strength of the soil comprising the 
free face is a very close approximation of the original 
cohesive strength Cq . In older scarps, however, where the 
free face no longer exists and pedogenic processes have been 
active, the cohesive strength of the near surface material is 
some fraction of Cq . The "parent" cohesive strength would 
then only be obtained by excavating below the level of the 
altered soil. In this study, the near surface "field” 
cohesive strength is referred to as simply C. The assumption 
has been made in this study that the cohesive strength of the 
1872 free face soil is indeed C , and that the cohesive 
strength of the near surface soils comprising the 5,000 and
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FIGURE 48. LOGARITHMIC PLOT OF SCARP AGE VS. COHESIVE STRENG 
FOR THE SEVEN SAMPLING LOCATIONS ALONG THE LONE Pl|v 
FAULT SCARP.
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10,000 year old scarp surfaces is C.
One possible application of these curves to fault scarp
age dating is explained in Figure 49. Aside from the fact
that only three of the seven Lone Pine scarp site curves are
shown, LP-2, LP-5, LP-7, the plot of Figure 49 is identical
to that depicted in Figure 48. As mentioned in the
subscript, given a near surface "field" cohesion of 40.0
p.s.i. and a "parent" cohesion of 44.5 p.s.i., one may infer
a scarp age of 500-600 years. Likewise, given a "field"
cohesion of 19.0 p.s.i. and a "parent" cohesion of 22.0
p.s.i., one may infer a scarp age of approximately 2,000
years. The third example shows that a scarp age of 8,000-
9,000 years b.p. is indicated by C and C values of 2.5o
p.s.i. and 7.4 p.s.i., respectively. At this point it 
becomes clear that an infinite number of age vs cohesive 
s trength curves exist for an infinite number of "parent" 
cohesive strengths. While only seven curves are shown, the 
general relationship between cohesive strength and scarp age 
may be discerned from these curves.
A similar progressively steepening, curvilinear 
relationship is exhibited by the slope angle vs. cohesive 
strength plot of Figure 50. The principal (maximimum) slope 
angles for the 1872, and the 5,000 and 10,000 year old scarp 
surfaces have been plotted against the soil cohesive 
strengths for these surfaces. For all but one of the seven 
























S L O P E  A N G L E
FIGURE 5 0 .  SLOPE A N G L E  VS. COHESIVE STRENGTH CURVES 
FOR T H E  SEVEN SAMPLING LOCATIONS ALONG 
THE LONE PINE FAULT SCARP.
1 4 4
with high cohesive strengths, and low slope angles are 
associated with low cohesive strength. The only sampling 
site which does not follow this trend, LP-6, is composed of 
soil that was initially weakly cohesive, and, as such, shows 
little cohesive strength variation over time.
Bulk Density
No attempt was made in the Lone Pine study area to 
investigate the relationship between bulk density and fault 
scarp morphology. Such was avoided because of the lack of 
lithologic diversity along the scarp, and the small number of 
sampling sites. As a result, only the bulk densities of 
sampling sites LP-4 and LP-5 were determined. These two 
sites involved a total of six bulk density determinations 
(1872, 5,000 years b.p., and 10,000 years b.p. surfaces) 
which ranged from 110.4 lbs./ft3 to 129.8 lbs./ft.3 .
Although there is some evidence for a relationship between 
bulk density and scarp age, such was not pursued in this 
study.
Soil Classification
Over almost the entire length of the section of the Lone 
Pine fault scarp that was studied, the scarps are composed of 
granitic colluvium. Only at the extreme northern part of the 
study section does one see a different lithologic soil type - 
metasedimentary/metavolcanic. In addition to approximate 
lithologic constancy along the scarp, the scarp soils (matrix 
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Liquid limit = 14.3 
Plastic limit = 14.3 
Plasticity index = 0.0
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Atterberg Limits Determination
fi§ure 51. Grain size distribution and Atterberg Limits for Lone Pine sampling site LP-5M.
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or overall texture. For this reason, only three scarp soils 
were tested for grain size distribution and plasticity.
These three samples - LP-2B, LP-5M and LP-4T, all proved to 
be silty sands (SM) and were virtually non-plastic. The 
latter point is supported by the relatively low 6.8%, 7.8% 
and 6.6%, clay contents for LP-2B, LP-5M, and LP-4T, 
respectively. The grain size distribution and liquid limit 
plots for LP-5M are shown in Figure 51.
Slaking Test
Only samples LP-4B and LP-5B were intact after the one 
minute soaking period, and remained so after five minutes of 
soaking. The soil samples from the other sites decomposed 
completely in 30 seconds, or less. Thus, only samples LP-4B 
and LP-5B are, by definition, cemented.
Acid Test
Scarp soil samples, LP-2T, LP-3F, LP-5T, LP-5F and LP-6T 
reacted strongly to the 10% HCL solution. None of the 
remaining samples showed any reaction to the acid.
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CONCLUSION
The results of the laboratory testing of the soils from
the Dixie Valley-Fairview Peak fault scarps (1954), the
Pleasant Valley fault scarps (1915), and the Lone Pine fault
scarp (1872-most recent offset), point to the strong
dependency of scarp morphology on the engineering properties
of scarp soils. Based on the cohesive strength (C) vs. free
face/scarp height ratio (Rg) plots for the three study areas,
it is apparent that fault scarps possessing high R valuess
generally consist of strongly cohesive soils, whereas, those 
possessing low Rg values consist of weakly cohesive soils. 
This agrees with intuitive reasoning from the standpoint that 
higher soil shear strength will result in greater erosion 
resistance and hence, longer preservation of the free face.
In going from the C vs. Rg plot for the 1954 scarps, to those 
for the 1915 and 1872 scarps, one sees a progressive lowering 
of the regression line slopes, illustrating the reduction in 
the Rg values with time for constant cohesive strengths.
Comparable linear relationships exist between the soil 
bulk densities (T^) and the Rg values for the Dixie Valley- 
Fairview Peak and the Pleasant Valley fault scarps. When 
these two parameters are plotted against one another, one 
sees that high bulk densities are associated with high R
values, and low bulk densities are associated with low Rs
values. Such makes sense in light of the fact that, from
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soil mechanics, higher density (resulting from greater 
compaction) of fine grained soils results in higher cohesive 
strengths; and higher cohesive strengths have been linked in 
this study to higher Rg values. The peak friction angles 
( <J>p ) and Rg values for the Dixie Valley-Fairview Peak fault 
scarps also correlate in a similar directly proportional 
manner, but, those for the Pleasant Valley fault scarps do 
not show this rend. This result is probably due to the 
smaller sampling base of the latter.
One of the most important results of this study is the 
observed relationship between cohesive strength and age for 
the 1872, the 5,000 years b.p., and the 10,000 years b.p. 
scarp surfaces of the Lone Pine fault scarp. The cohesive 
strengths for all but one of the Lone Pine scarp sampling 
sites steadily decline with increasing scarp surface age.
This decrease in cohesive strength may be represent by 
cohesive strength vs. age curves for each sampling site and 
"parent" cohesive strength, Cq . One may use these curves for 
dating purposes by simply projecting the near surface "field" 
cohesive strength, C, to the appropriate "parent" cohesive 
strength, Cq , curve, and reading off the scarp age. 
Furthermore, it may be possible to apply such curves to the 
dating of fault scarps in other areas of comparable soil 
types and climate by knowing CQ and C for the scarp(s) being 
studied. In order to apply these curves to other areas, 
however, one would have to judge the validity of the
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following two assumptions which were employed in this study: 
the soils comprising each scarp surface of a composite fault 
scarp are derived from a common "parent" soil with cohesive 
strength, Cq , a representative sampling approach is justified 
in alluvial deposits exhibiting weak soil development.
Although this study is just the beginning of a broad 
based soil mechanics approach to study of fault scarps, some 
insight has been gained into the relationships between the 
engineering properties of fault scarp soils, fault scarp 
morphology, and fault scarp age.
1 5 0
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